Early stages in the interaction of carbon monoxide with iron single crystal films by Ratliff, James Titus
I n  p re sen t ing  t h e  d i s s e r t a t i o n  a s  a  p a r t i a l  f u l f i l l m e n t  of 
t h e  requirements  f o r  an advanced degree from t h e  Georgia 
I n s t i t u t e  o f  Technology, I agree t h a t  t h e  L i b r a r y  of t h e  
I n s t i t u t e  s h a l l  make it a v a i l a b l e  f o r  i n s p e c t i o n  and 
c i r c u l a t i o n  i n  accordarice wi th  i t s  r e g u l a t i o n s  governing 
m a t e r i a l s  of  t h i s  type. I agree t h a t  permiss ion  t o  copy 
from, o r  t o  p u b l i s h  from, t h i s  d i s s e r t a t i o n  may be granted  
by t h e  p ro fe s so r  under whose d i r e c t i o n  it was w r i t t e n ,  o r ,  
i n  h i s  absence, by t h e  Dean o f  t h e  Graduate D iv i s ion  when 
such copying o r  p u b l i c a t i o n  i s  s o l e l y  f o r  s c h o l a r l y  purposes 
and does not  involve  p o t e n t i a l  f i n a n c i a l  ga in .  It i s  under- 
stood t h a t  any copying from, o r  p u b l i c a t i o n  o f ,  t h i s  d i s -  
s e r t a t i o n  which involves  p o t e n t i a l  f i n a n c i a l  ga in  w i l l  no t  
be allowed without  w r i t t e n  permission.  
* w * .  " 
EARLY STAGES I N  THE INTERACTION OF CARBON 
MONOXIDE WITH IRON SINGLE CRYSTAL F I L M S  
A THESIS 
Presented t o  
The Facul ty  of the Graduate Division 
by 
James Titus Ra t l i f f  
I n  P a r t i a l  Fulf i l lment  
of the Requirements f o r  the  Degree 
Doctor of Philosophy i n  the  School of Chemical Engineering 
Georgia I n s t i t u t e  of Technology 
J U ~ Y ,  1968 
EARLY STAGES I N  THE INTERACTION OF CARBON 
MONOXIDE W I T H  IRON SINGLE CRYSTAL FILMS 
Approved : 
I 
Chairman: I I 
Date approved by Chairman: f 3 74- 
1 am indebted t o  D r .  R .  F.  Hochman f o r  the  guidance, encouragement, 
and s-upport he gave me throughout my graduate s tud ies ;  a s  my t h e s i s  ad- 
v isor  he was an invaluable a l l y .  The genuine i n t e r e s t  extended by D r .  
W. M. Newton a s  we l l  a s  D r .  Hochman was s i g n i f i c a n t  t o  my decis ion t o  r e -  
main i n  t h e  graduate program a t  the  Georgia I n s t i t u t e  of Technology a f t e r  
t h e  Master 's  degree. Both D r .  W.  T. Ziegler  and D r .  C .  W. Gorton c o n t r i -  
buted mate r i a l iy  t o  t h e  successful  completion of my t h e s i s  a s  members of 
rqq reading committee. The generous por t ions  of time they spent appraising 
my work a r e  very much appreciated.  
Of p a r t i c u l a r  va:~ue t o  my experimental work were t h e  discussions I 
had wi th  D r .  H. E. Grenga. My work benef i ted  considerably from her ex- 
perience a t  the  Universi ty of Virginia on a s imi la r  problem of epi taxy and 
surface  reac t ion  under the  d i r e c t i o n  of D r .  K.  L. Lawless. It was on a 
t r i p  t o  t h e i r  l a b o r a t o r i e s  p r i o r  t o  D r .  Grengafs move t o  the Georgia I n s t i -  
t u t e  of Technology t h a t  my program began t o  mature i n  d e f i n i t i o n .  Consul- 
t a t i o n s  with both D r .  B.  G .  Lafewe of t h i s  i n s t i t u t i o n  and D r .  Brian Ralph 
of the Univers i ty  of Cambridge were a l s o  very b e n e f i c i a l  by v i r t u e  of t h e i r  
broad e x p e r i e ~ c e  i n  physical  metallurgy and e lec t ron  microscopy. A wealth 
of experience i n  e lec t ron  microscopy was made ava i l ab le  t o  me through d i s -  
cussions with M r .  KO D o  Fike of the  Lockheed-Georgia Company. The se rv ice  
of h i s  counsel was invaluable t o  the  success of the  t h e s i s .  
I wodld l i k e  t o  express apprecia t ion f o r  a  very p leasant  working 
r e l a t i o n s h i p  with khe f a c u l t y  of the  Georgia I n s t i t u t e  of Technology and the  
s t a f f  o f  t h e  Engineering Experiment S t a t i o n .  There a r e  a t  l e a s t  two dozen 
of  t h e s e  people whom I could c i t e  f o r  valuable  c o n t r i b u t i o n s  t o  my work 
bo th  by c o n s u l t a t i o n  and by means o f  t h e i r  p r o f e s s i o n a l  and voca t iona l  
t a l e n t s .  
I am indebted t o  the Gulf O i l  Company f o r  t h e  p rov i s ion  of a  t h r e e -  
year  fe l lowship .  The pe r sona l  a t t e n t i o n  and i n t e r e s t  a s  expressed through 
t h e  Gulf r e p r e s e n t a t i v e ,  M r .  F. B. Hamel, i s  very much apprec i a t ed .  The 
Na t iona l  Assoc ia t ion  of  Corrosion Engineers was a l s o  very h e l p f u l .  The 
NACE extended me a  s cho la r sh ip ,  speaking engagements, and par t - t ime employ- 
ment a t  var ious  t imes dur ing  my graduate  work. The I n t e r n a t i o n a l  Nickel  
Company i s  due thanks f o r  r e sea rch  equipment funds.  My apprec i a t ion  i s  
extended t o  D r .  H. V. Grubb f o r  making t h e s e  funds a v a i l a b l e  t o  me and f o r  
h i s  g e n e r a l  i n t e r e s t  i n  my work. 
The u n s e l f i s h  cons ide ra t ion  and encouragement of m y  wi fe ,  E la ine ,  
through these  s e v e r a l  yea r s  of graduate  s tudy a r e  deeply apprec ia ted .  She 
con t r ibu ted  not  on ly  t o  my morale bu t  a l s o  t o  t h e  e d i t i n g  and typing  of 
t h e  manuscript*. 
TABLE OF CONTENTS 
ACKNOWLEDGMENTS . . . . . . . . .  
LIST OF TABLES . . . . . . . . .  
. . . . . .  LIST OF ILLUSTRATIONS 
. . . . . . . . . .  NOMENCLATURE 
Chapter 
I . BACKGROUND FOR THE STUDY . 
. . . . . . . . . . . . . .  . A In t roduct ion  . . . .  
B . Purpose . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  . C Motivation . . . . . . . . . . . . . . . . . .  D . L i t e r a t u r e  Survey . . . . . . . . . . . . . . . . . .  . 1 General Summary . . . . . . . . . . . . . .  . a  So l id  Phase Products . . . . . . . . . . . . .  b . General Carbide Review 
c . Cata lys t s  and Mechanisms . . . . . . . . . . . .  
2 . L i t e r a t u r e  S p e c i f i c a l l y  Related t o  t h e  
Present  Research . . . . . . . . . . . . . . .  
E . Background Inves t iga t ion  . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . .  . F ThinFilmTechnology . . .  G . Review of Thin I ron  Single  Crys ta l  Preparat ions 
11 . APPARATUS AND EXPERIMENTAL TECHNIQUES . . .  
. . . . . . . . . . . . . . . . . . . . . .  . A Apparatus . . . . . . . . .  1 . Design Requirements and Equipment 
2 . Spec ia l  Equipment . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . .  . B Experimental Procedures 
1 . Subst ra te  Prepara t ion  . . . . . . . . . . . . . . .  
2 . System Operation During the  Deposition o f  I ron  . . 
3 . System Operation During Film Reaction . . . . . . .  . . . . . . . . .  4 . Specimen Prepara t ion  f o r  Analysis . . . . . . . . . . . . .  . 5 Analysis of the  Specimens 
6 . I r o n  Fi lm Replicas . . . . . . . . . . . . . . . .  
7 . Subst ra te  Preparat ions f o r  T r i a l s  t o  Produce Single  
Crys ta l s  of (110) and (111) Film Planes . . . . . .  
8 . Interferometer  Determinations of Film Thickness . 
Page 
i i 
x v i i  
x i x  
TABLE OF CONTENTS (continued) 
Chapter 
I11 . RESULTS AND DISCUSSION . . 
. . . . . . . . . . . . . . . . . . . . . .  . A In t roduct ion . . . . . . . . . . . . . . . .  . 1 Experimental Program . . . . . . . . . . . .  2 . Form of the  Experimental Data 
3 . Accuracy of the  Selected Area Di f f rac t ion  . ' . . . I . .  . . . . . .  B . Characterizat ion of the  Single Crys ta l  Films . . . . . .  C . Analysis of the  Reacted Single Crys ta l  Films . . . . . . . .  1 . Electron Micrographs and Reduced Data . . . . . . . . .  a . The P r e c i p i t a t e  Size  Measurement 
b . The P r e c i p i t a t e  Density Measurement . . . . . . .  . . . . . . .  c . Micrographs and Reduced Data Tables 
d . Summary Tables and Graphs . . . . . . . . . . . .  . . . . .  2 . Electron Di f f rac t ion  Resul ts  and Discussion . . . . . . . . . . . . . . .  a . General Presenta t ion . . . . . . . . . . . .  b . Orienta t ion Relat ionships 
3 . Nucleation Phenomena as  Observed and Related t o  . . . . . . . . . . . . . . . . . . . . . . .  Theory 
a . I d e n t i f i c a t i o n  of the Product Nuclei . . . . . . .  . . . .  b . Theory Relat ing to  P r e c i p i t a t e  Nucleation 
c . Character of t h e  Nucleation S i t e s  . . . . . . . .  
d . The Variat ion of the  Nuclei Density with 
Temperature, Pressure, and Time . . . . . . . . . .  
e . Physical  Character of the  Carbide Nuclei . . . . .  
4 . Morphology of the  Cementite P a r t i c l e s  . . . . . . . .  . . . . .  5 . Growth Mechanism of t h e  Cementite P a r t i c l e s  
6 . E f f e c t  of Pressure on the  CO Attack of the  Films . . . . . . . . . . . . . . . .  7 . Extended Film Treatments . . . . . . . . . . . . . .  8 . Replicas of Reacted Films 
D . Appl icab i l i ty  of the  Resul ts  f o r  Predic t ing t h e  
Behavior of Bulk Iron . . . . . . . . . . . . . . . . .  
E . Relat ion of t h e  Resul ts  t o  khe Metal Dusting Prdblem . . 
I V  . CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . .  V . RECOMMENDATIONS FOR FUTURE STUDIES 
APPENDICES 
A . THERMODYNAMIC CONSIDERATIONS . . . . . . . . . . . . . . . .  
DIFFRACTION DATA 
C . MATERIAL PURITIES 
Page 
TABLE OF CONTENTS ( ~ o n t  inued) 
Page 
APPENDICES 
. . . . . . . . . . . . . . . . . . .  D. EXPEXIMENTAL RUN DATA 340 
E. COOLING CURVES FOR THE SUBSTRATE ASSEMBLY . . . . . . . , .  371 
F. TIME REQUIRED TO SATURATE THE I R O N  F I L M S  WITH CARBON . . .  373 
BIBLIOGRAPHY . . . . . . . . . . . . . . . . . . . . . . . . . .  376 
VITA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  389 
LIST OF TABLES 
Table 
1 . Products Observed f o r  the  In te rac t ion  of CO with . . . . . . . . . . . . . . . . . . . .  Iron-Bearing Phases 
. Tabulation of the  Apparatus Components I l l u s t r a t e d  i n  . . . . . . . . . . . . . . . . . . .  Figures 13  Through 17 
. . . . . . . . . . . . . . . . . . . . .  3 . Reaction Schedule 
. . . . .  4 . Run a t  250'~ f o r  One Hour a t  1. 000 p CO (Run 60) 
5 . Run a t  250'~ f o r  Two and One-Half Hours a t  1. 000 (L CO . . . . . . . . . . . . . . . . . . . . . . . . .  (Run 61) 
. . . . .  6 . Run a t  320'~ f o r  One Hour a t  1. 000 p CO (Run 63) 
7 . Run a t  350'~ f o r  One Hour a t  1. 000 (L CO (Run 49) . . . . .  
8 . Run a t  350'~ f o r  One Hour a t  500 p CO ( ~ u n  62) . . . . . .  
9 . Run a t  3 5 0 ~ ~  f o r  One Hour a t  100 p, CO ( ~ u n  51) . . . . . .  
10 . Run a t  350'~ f o r  One Hour a t  5 p CO (Run 48) . . . . . . .  
11 . Run a t  350 '~  f o r  Two Hours a t  5 p CO (~un 40) . . . . . . .  
12 . Run a t  4 5 0 ~ ~  f o r  One Hour a t  1. 000 p CO (Run 52) . . . . .  
1 3  . Run a t  450'~ f o r  One Hour Under 1. 000 p, CO Followed 
by Vacuum Annealing f o r  Eight Hours (~un 65) . . . . . . .  
. . . . .  14 . Run a t  4 5 0 ~ ~  fo r  Six Hours a t  1. 000 p CO (Run 64) 
15 . Run a t  4 5 0 ~ ~  fo r  One Hour a t  5 (L CO (Run 55) . . . . . .  
16 . B l a n k  Run a t  450 '~  fo r  One Hour (Run 57) . . . . . . . . .  
17 . Run a t  550'~ f o r  One Hour a t  1. 000 p, CO (Run 54) . . . . .  
18 . Summary of t he  Electron Micrograph Data f o r  Experiments 
Capturing t he  Reaction i n  the  Nucleation Stages . . . . . .  
19 . Summary of Results f o r  Reactions Carried Out a t  1. 000 @ 
of CO f o r  One Hour a t  Various Temperatures on Single 
Crys ta l  I ron  Films . . . . . . . . . . . . . . . . . . . .  
Page 
-, 7 
vi i i .  
LIST OF TABLES (continued) 
Table Page 
20. Summary of Results  f o r  Reactions Carried Out a t  350'~ 
fo r  One Hour a t  Various Pressures of CO on Single 
Crysta l  I ron Films . . . . . . . . . . . . . . . . . . . . . 
2 Summary of Results f o r  Reactions Carried Out a t  450'~ 
f o r  Different  Pressures of CO and Reaction Periods on 
Single Crystal  I ron Films . . . . . . . . . . . . . . . . . 
22. X-Ray Diff ract ion Data f o r  I ron . . . . . . . . . . . . . . 
23. Cementite La t t i ce  Spacings and Reciprocal La t t i ce  
Spacings . . . . . . . . . . . . . . . . . . . . . . . . . . 
24. Electron Diff ract ion Data of Cementite . . . . . . . . . . . 
25. Lat t i ce  Spacings of HBgg Carbide . . . . . . . . . . 
26. La t t i ce  Spacings f o r  Epsilon Carbi.de . . . . . . . . . . . . 
27. X-Ray Diff ract ion Data f o r  Fe 7 3 . . . . . . . . . . . . . .  C 
28. X-Ray Diff ract ion Data f o r  Fe304 . . . . . . . . . . . . . . 
29. Electron Diff ract ion Data of Graphite . . . . . . . . . . . 
30. Carbon Monoxide Gas Analysis Provided by the  Matheson 
Company . . . . . . . . . . . . . . . . . . . . . . . . . . 
31. I ron Wire Analysis Provided by t he  Materials Research 
Corporation . . . . . . . . . . . . . . . . . . . . . . . .  
32. Data on the Experimental Conditions f o r  Run 60 
( ~ e a c  t ion 1) . . . . . . . . . . . . . . . . . . . . . . . . 
33. Data on t he  Experimental Conditions f o r  Run 61  
( ~ e a c t i o n  2) . . . . . . . . . . . . . . . . . . . . . . . . 
34- Data on the  Experimental Conditions f o r  Run 63 
( ~ e a c t i o n  3) . . . . . . . . . . . . . . . . . . . . 
35. Data on the  Experimental Conditions f o r  Run 49 
( ~ e a c t i o n  4) . . . . . . . . . . . . . . . . . . . . . . . . 
36. Data on the  Expertmental Conditions f o r  Run 62 
( ~ e a c t i o n  5) . . . . . . . . . . . . . . . . . . . . . . . . 350 
LIST OF TABLES (continued) 
Table Page 
37. Data on t h e  Experimental Conditions f o r  Run 51 
( ~ e a c t i o n  6) . . . . . . . . . . . . . . . . . . . . . . . .  352 
38. Data on t h e  Ex.perimenta1 Conditions f o r  Run 48 
( ~ e a c t i o n  7) . . . . . . . . . . . . . . . . . . . . . . . .  354 
39. Data on t h e  Experimental Conditions f o r  Run 40 
(Reac.tion 8) . . . . . . . . . . . . . . . . . . . . . . . .  356 
40. Data on the Experimental Conditions f o r  Run 52 
(Reaction 9) . . . . . . . . . . . . . . . . . . . . . . . .  359 
41. Data on the  Experimental Conditions f o r  Run 65 
( ~ e a c t i o n  10) . . . . . . . . . . . . . . . . . . . . . . .  361 
42. Data on t h e  Experimental Conditions f o r  Run 64 
( ~ e a c t i o n 1 1 )  . . . . . . . . . . . . . . . . . . . . . . .  363 
43. Data on t h e  Experimental Conditions f o r  Run 55 
( ~ e a c t i o n 1 2 )  . . . . . . . . . . . . . . . . . . . . . . .  365 
44. Data on the  Experimental Conditions f o r  Run 57 
(Reaction 13) . . . . . . . . . . . . . . . . . . . . . . .  367 
45. Data on the  Experimental Conditions f o r  Run 66 
( ~ e a c t i o n  14) . . . . . . . . . . . . . . . . . . . . . . .  368 
46. Data on the Experimental Conditions f o r  Run 54 
( ~ e a c t i o n  15) . . . . . . . . . . . . . . . . . . . . . . .  369 
LIST OF ILLUSTRATIONS 
Figure 
1. Equilibrium Diagram of the  Fe-0-C System a t  One . . . . . . . . . . . . . . . . . . . . . . . . . .  Atmosphere 
2. React ivi ty  a t  a Time of Incubation Plus Three Hours (35) . . 
3. Hofer ' s  ( 7 2 )  Concept of the  Process of Direct  Carburiza- 
t i o n  of Alpha-Iron. Heavy Arrows Indicate  the Most . . . . . . . . . . . . . . . . . . . . .  Probable. Sequence 
4. Schenckl s (95) Time-Temperature Diagram f o r  Carbide . . . . . . . . . . . . . . . . . . . . . . . . .  Formation 
5. Atmospheric Pressure Reactor f o r  Polycrysta l l ine  Film 
Experiments . . . . . . . . . . . . . . . . . . . . . . . .  
6. Schematic Diagram of t h e  Reactor System f o r  Exposing Poly- 
c r y s t a l l i n e M e t a l F i l m s  . . . . . . . . . . . . . . . . . .  
7. Micrograph and SAD Pa t te rn  of a Freshly Deposited I ron 
F i l m . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
8. SAD Pa t te rns  og I ron Films Exposed t o  Carbon Monoxide: 
2 mi$ .  a t  1300 F (705'~) (i,eft ) and 1 hr  . a t  1 2 0 0 ~ ~  
(649 C )  ( ~ i g h t  ) . . . . . . . . . . . . . . . . . . . . . . .  
. SAD Pa t te rn  and Micrograph of an &ron Fi&n Exposed t o  . . . . . . . .  Carbon Monoxide f o r '  1 hr.  a t  1100 F (594 C )  
10. Typical Micrograph .and SAD Pat tern  of I ron Film Exposed 
t o  Carbon Monoxide f o r  2 min. a t  1200 '~  ( 6 4 9 ' ~ )  . . . . . .  
11. Micrographs of an I ron Film Exposed t o  Carbon Monoxide f o r  
20 min. a t  1 2 0 0 ~ ~  (649'~). . . . . . . . . . . . . . . . . .  
12. Micrographs ofoIron Film Exposed t o  Carbon Monoxide f o r  
2 min. a t  1300 F (705'~) . . . . . . . . . . . . . . . . . .  
13. An Overall  View of t h e  Vacuum System Components . . . . . .  
14. Plan View of the Apparatus Showing the Feedthrough Layout . 
15. A View of the  Apparatus Showing the  Posi t ion of the  Sub- 
s t r a t e s  During t he  Deposition of I ron . . . . . . . . . . .  
Page 
LIST OF ILLUS!RAYIONS (continued) 
Figure 
16 . A View of the  Apparatus Showing the  Posi t ion  of the  
Su'bstrate During t h e  Reaction of Film Specimens . . . . . .  
17 . An Overal l  View of the  Apparatus a s  Set  Up f o r  Reacting 
Specimens . . . . . . . . . . . . . . . . . . . . . . . . .  
18 . Kikuchi P a t t e r n  f o r  an I ron Single Crys ta l  Film . . . . . .  
19 . I ron  Nuclei Af ter  5 Seconds of Deposition . . . . . . . . .  
20 . SAD P a t t e r n  from a Film of I ron  Nuclei Formed After  5 . . . . . . . . . . . . . . . . . . .  Seconds of Deposition 
2 Subst ra te  Decoration by I r o n  Nuclei Af ter  5 Seconds of 
Deposition . . . . . . . . . . . . . . . . . . . . . . . .  
22 . I ron  Film After  15 Seconds of Deposition . . . . . . . . .  
23 . Complex I s l and  Stage i n  t h e  Development of an Epitaxic 
I ron Single Crys ta l  . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . . . .  . 24 Channel Bridging 
. . . . . . . . . . .  25 . Micrograph of an Unannealed I ron Film 
. . . . . . . . .  26 . SAD P a t t e r n  from an Unannealed I ron Film 
27 . Over-Focused Micrograph Revealing the Magnetic Domains 
i n  the  I ron Film . . . . . . . . . . . . . . . . . . . . .  
28 . Constructed Di f f rac t ion  P a t t e r n  of Two (001) Plane 
Oriented. I ron FiLq Crysta ls  . . . . . . . . . . . . . . .  
29 . Micrograph of  an (001) I ron  Single Crys ta l  Film of 
HighQual i ty  . . . . . . . . . . . . . . . . . . . . . . .  
30 . Micrograph of an (001) I r o n  Sing:Le Crys ta l  Film of 
High Q u a l i t y  . . . . . . . . . . . . . . . . . . . . . . .  
31. Micrograph of an (001) I ron Single Crys ta l  Film of . . . . . . . . . . . . . . . . . . . . . . .  High Quality 
32 . SAD P a t t e r n  of an (001) Iron Single  Crys ta l  Film of . . . . . . . . . . . . . . . . . . . . . . . .  High Qua l i ty  
Page 
71 
x i i  
LIST OF ILLUSTRATIONS (continued) 
Figure 
33 . Micrograph of a Surface Replica on an Iron Single . . . . . . . . . . . . . . . . . . . . . . . .  Crysta l  Film 
34 . Constructed Compound Diff ract ion Pa t te rn  from an Oriented 
Fe 0 Film Overgrowth on an (001) Single Crystal  Iron 
F i h 4  . . . . . . . . . . . . . . . . . . . . . . . . . . .  
35 . SAD Pat te rn  I l l u s t r a t i n g  the  Compound Pa t te rn  Resulting 
from the  Overgrowth of Fe 0 on t he  I ron  Single Crystal  
3 4 Films . . . . . . . . . . . . . . . . . . . . . . . . . . .  
36 . Typical Micrographs and SAD Pat terns  from Iron Films Formed 
on (011) Plane Faces of NaCl a t  Different  Temperatures; 
( a )  and (b )  from Run 46 ( 4 0 1 ~ ~  (d)  from Run 41  
(434'~);  ( e )  and ( f )  from Run . . . . . . . . . .  
37 . Ty-pical Micrographs and SAD Pat terns  from I ron  F i h s  Formed 
on (111) Plane Faces of NaCloat Different  Temperatures; 
and (b)  from Run 50 (407 c ) ;  ( c )  ~ n d  (d) from Run 58 
6 ' ~ )  ; ( e )  and ( f )  from Run 59 (489 C) . . . .  
38 . Reaction Product Nucleation S i t e s  . . . . . . . . . . . . .  
39 . Reaction Product Nucleation S i t e s  . . . . . . . . . . . . .  
40 . Reaction Product Nucleation S i t e s  . . . . . . . . .  
. . . . . . . . .  . 41 Reaction Product Nucleation S i t e s  
. . . . . . . . . . . . .  42 . Reaction Product Nucleation S i t e s  
43 . Reaction Product Nucleation S i t e s  . . . . . . . . . . . . .  
44 . Cementite Nucleation Center . . . . . . . . . . . . . . . .  
45 . Cementite Nucleation Center . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . .  46 . Cementite Nucleation Centers 
. . . . . . . . . . . . . . . . . . . . . .  47 . Cementite Nuclei 
. . . . . . . . . . . . . . . . .  48 . Cementite Nucleus 
49 . Cementite Nucleation Center Dis t r ibut ion . . . . . .  
50 . Cementite P rec ip i t a t e  P a r t i c l e  . . . . . . . . . . . . . . .  
Page 
11) 
LIST OF ILLUSTRATIONS ( ~ o n t  inued) 
Figure Page 
. . . . . . . . . . . . . .  51 . Cementite P r ec ip i t a t e  P a r t i c l e s  144 
52 . Faulted Cementite P r ec ip i t a t e  P a r t i c l e  . . . . . . . . . .  144 
. . . . . . . . . .  53 . Faulted Cementite P r ec ip i t a t e  P a r t i c l e  145 
. . . . . . . . . . . . . .  54 . Cementite P r ec ip i t a t e  Pa r t i c l e s  145 
. . . . . . . . . .  55 . Faulted Cementite P r ec ip i t a t e  P a r t i c l e  1-49 
. . . . . . . . . . . . . .  56 . cementite p r ec ip i t a t e  p a r t i c l e  149 
57 . Faulted Cementite P r ec ip i t a t e  P a r t i c l e  . . . . . . . . . .  150 
58 . cementite p r ec ip i t a t e  p a r t i c l e s  . . . . . . . . . . . . . .  150 
59 . Dis t r ibu t ion  of Cementite P a r t i c l e s  . . . . . . . . . . . .  151 
. . . . . . . . . . . . . .  60 . Cementite P r ec ip i t a t e  P a r t i c l e  155 
61 . Cementite P r ec ip i t a t e  P a r t i c l e  . . . . . . . . . . . . . .  155 
. . . . . . . . . . . . . .  62 . Cementite p r ec ip i t a t e  P a r t i c l e  156 
. . . . . . . . . . . . . . . .  63 . S t r i a t e d  Cementite P a r t i c l e  156 
64 . Cementite P a r t i c l e  Dis t r ibut ion . . . . . . . . . . . . . .  157 
65 . A Faulted Cementite Crysta l  . . . . . . . . . . . . . . . .  161 
66 . Cementite Formations Between Sub-boundaries . . . . . . . .  162 
67 . A Product Nucleation S i t e  on a  Dislocation Sub-boundary . . 162 
0 68 . A Product Nucleus Produced a t  350 C . . . . . . . . . . . .  166 
69 . Sub-boundary Decoration by Product Nuclei . . . . . . . . .  166 
. . . . . . . . . . . . .  70 . A Cementite P r ec ip i t a t e  P a r t i c l e  169 
. . . . . . . . . . . . . .  7 1  . Cementite P r ec ip i t a t e  P a r t i c l e s  169 
72 . A Cementite P r ec ip i t a t e  of Complex Structure  . . . . . . .  172 
73 . Prec ip i t a t ion  a t  a  Hole i n  the  I ron Film . . . . . . . . .  173 
x i v  
LIST OF II3;USTKATIONS (continued) 
Figure 
74. P r ec ip i t a t e s  Showing a Variety of P a r t i c l e  Shapes . . . . 
75. A Fxulted Cementite P a r t i c l e  of Nearly Hexagonal Shape . 
76. A Cementite P a r t i c l e  of Nearly Para l le lepiped Configura- 
t i o n  . . . . . . . . . . . . . . . . . . ., . . . . . . . . 
77. A Cemen.tite P r ec ip i t a t e  with a Lenticular  Project ion . . . 
78. A View of Cementite-Ferrite In terfaces  . . . . . . . . . . 
79. Cementite Grain Boundaries . . . . . . . . . . . . . . . - 
80. Cementite Formation Along a Line of I ron Film Discon- 
t i n u i t i e s  . . . . . . . . . . . . . . . . . . . . . . . . . 
81. Cementite P a r t i c l e  Dis t r ibu t ion  . . . . . . . . . . . . . . 
82. An Impression Left  by a Decomposed Cementite Crysta l  - 
A "Ghost Crystal"  . . . . . . . . . . . . . . . . . . . . . 
83. Graphite Nuclei i n  the  Vicini ty  of a "Ghost Crystal"  . . . 
84. Rela t ive  Posi t ions  of a "Plate-Button" Formation and a 
"Ghost Crystal"  . . . . . . . . . . . . . . . . . . . . . . 
85. A "Plate-Button" Formation . . . . . . . . . . . . . . . . 
86. A Bright F i e ld  Micrograph of a Line of Specia l ly  
Oriented Graphite Lamellae . . . . . . . . . . . . . . . . 
87. A Dark F i e ld  Micrograph of a Line of Graphite Lamellae . . 
88. Dis t r ibu t ion  of Large Cementite P a r t i c l e s  and Small 
Graphite Formations . . . . . . . . . . . . . . . . . . . 
89. Graphite Formation Proximate t o  an I ron Film Surface 
Step . . . . . . . . . . . . . . . . . . . . . . . . . . .  
90. A "Plate-Button" Graphite Formation . . . . . . . . . . . . 
91. Cementite (001) Plane Stacking Fau l t s  . . . . . . . . . . 
92 - Sub-boundary Decoration with Product Nuclei . . 
93. Sub-boundary Decoration with Product Nuclei . . 
. r. 
LIST OF ILUSTRATIONS (continued) 
Figure 
94 Concentration of Product Nuclei On and Between a 
Pa i r  of P a r a l l e l  Sub-boundaries . . . . . . . . . . . . . .  
Dist r ibut ion of Sub-boundaries and Product Nucleus 
Decoration . . . . . . . . . . . . . . . . . . . . . . .  
The Clean Film from Control Experiment Reaction 13 . . . .  
Decomposed P rec ip i t a t e  Crysta ls  on a Hole i n  t he  I ron  
Film . . . . . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . .  Faulted Cementite P r ec ip i t a t e  Crys ta l  
. . . . . . . . . .  P a r t i a l l y  Decomposed Cementite P a r t i c l e  
Product P a r t i c l e  Dis t r f~but ion . . . . . . . . . . . . . . .  
Prec ip i t a t e  P a r t i c l e  Size - Temperature Relat ion . . . . .  
Prec ip i t a t e  Density - Temperature Relat ion . . . . . . . .  
SAD Pa t te rn  and Solution Diagram f o r  a Specimen from . . . . . . . . . . . . . . . . . . . . . . . .  Reaction 2 
SAD Pa t t e rn  and Solution Diagram f o r  a Specimen from 
Reaction 2 . . . . . . . . . . . . . . . . . . . . . . .  
SAD Pat tern  and Solution Diagram f o r  a Specimen from . . . . . . . . . . . . . . . . . . . . . . . .  Reaction 3 
SAD Pa t t e rn  and Solution Diagram f o r  a Specimen from . . . . . . . . . . . . . . . . . . . . . . .  Reaction 4 
SAD Pa t t e rn  and Solution Diagram f o r  a Specimen from 
Reaction 5 . . . . . . . . . . . . . . . . . . . . . . .  
SAD Pa t t e rn  and Solution Diagram f o r  a Specimen from 
Reaction 6 . . . . . . . . . . . . . . . . . . . . . . . .  
SAD Pat te rn  and Solution Diagram f o r  a Specimen from 
Reaction 8 . . . . . . . . . . . . . . . . . . . . . . .  
SAD Pa t te rn  and Solution Diagram f o r  a Specimen from 
Reaction 9 . . . . . . . . . . . . . . . . . . . . . . . .  
xvi 
LIST OF ILLUSTRATIONS ( ~ o n t  inued) 
Figure 
. . . . . . .  U1. SAD Pa t t e rn  f o r  a Specimen from Reaction 10 
112. SAD Pat te rn  and Solution Diagram f o r  a Specimen from . . . . . . . . . . . . . . . . . . . . . . . .  Reaction 10 
113. SAD P a t t e ~ n  and Solution Diagram f o r  a Specimen from 
Reaction 11 . . . . . . . . . . . . . . . . . . . . . . .  
114. SAD Pa t t e rn  and Solution Diagram f o r  a Specimen from . . . . . . . . . . . . . . . . . . . . . . . .  Reaction 11 
115. SAD Pat te rn  and Solution Diagram f o r  a Specimen from 
Reaction 11 . . . . . . . . . . . . . . . . . . . . . . . .  
116. SAD Pa t t e rn  and Sokution Diagram f o r  a Specimen from 
Reaction 1 5  . . . . . . . . . . . . . . . . . . . . . . . .  
13.7. SAD Pat te rn  and Solution Diagram f o r  a Specimen from 
Reaction 15 . . . . . . . . . . . . . . . . . . . . . . . .  
118. Schematic Form f o r  the  Variat ion of Nucleation Rate I 
wikh Supersat-uration i . . . . . . . . . . . . . . . . . .  
. . . . . . . . .  l l 9 .  Replica of Cementite P r ec ip i t a t e  P a r t i c l e  
120. Replica of Cementite P r ec ip i t a t e  Pa r t i c l e s  . . . . . . . .  
121. Replica of Decomposed Cementite P r ec ip i t a t e  . . 
122. Replica of Decomposed Cementite P r ec ip i t a t e s  . . . . . .  
2 Graphite LamePlae on a Replica of Decomposed Cementite . . . . . . . . . . . . . . . . . . . . . . . .  Format ions 
2 Gibbs Free-Energy Change fo r  Reaction Versus Temperature 
f o r  Seve ra lReac t ion .Formula t ions  . . . . . . . . . . . .  
2 Cooling Curves f o r ,  the Thermocouples Measuring t he  
Temperatures of t h e  I ron Film and Substrate Carr ier  
B l o c k . . . . . . . . . . .  . . . . . . . . . . . . . . .  
Page 
226 
A = A~gstrorn u n i t ,  1 x 10-lo meters 
BF = b r i g h t  f i e l d  e l ec t ron  micrograph 
b r  = broad d i f f r a c t e d  beam 
Dl? = drak f i e l d  e l ec t ron  micrograph 
d-spacing = i n t e rp lana r  spacing 
s 
= i n t e rp lana r  spacing experimentally observed 
hkk = Mil ler  indices  f o r  c r y s t a l  plane no ta t ion  
( h k i  ) = t h e  hkR plane 
ChkR3 = t he  h k i  family of planes 
[ h k ~  I = t he  d i r e c t i o n  normal t o  the  hkR plane 
< hkR > = t h e  family of  d i r e c t i o n s  normal t o  t h e  {hkR] planes 
I = i n t e n s i t y  of a d i f f r a c t e d  beam 
I 0  
= i n t e n s i t y  of the  undif f rac ted  beam 
m = medium d i f f r a c t e d  beam in tens i . ty  
4 
R 
= r e c i p r o c a l  l a t t i c e  vector f o r  the  d i f f r a c t e d  beam from the  
(hkk) ( h k ~ )  plane 
s = s t rong d i f f r a c t e d  beam in tens it,^ 
SAD = se lec ted  area  d i f f r a c t i o n  
to 
0 
= time on i n i t i a t i n g  the  annealing of an i r o n  f i lm;  t = 0  
a  a  
ta 
= time a t  some point  during the  annealing of an i r o n  f i lm;  
to < t < tf 
a  a  a  
tf = time a t  the  termination of the  annealing of an i r o n  f i lm;  
a  annealing period dura t ion  









= time on i n i t i a t i n g  metal  condensation on a NaCl s u b s t r a t e  dur- 
ing  t h e  sublimation process f o r  growing e p i t a x i c  s ing le  c r y s t a l s  
of i r o n ;  to = 0 e  
= time a t  some point  during the  sublimation process; to < t < t f 
e  e  e  
= time a t  t h e  termination of  the  i r o n  sublimation during t h e  
process f o r  forming i r o n  s ing le  c r y s t a l s ;  condensation durat ion 
= time on i n i t i a t i n g  a  r eac t ion ;  tU = 0 
r 
= t ime a t  some point  during t h e  r eac t ion ;  to < tr < t f  
r r 
= time a t  t h e  termination o f  a r eac t ion ;  r eac t ion  dura t ion  
= u n i t  of pressure ,  1 mm Hg 
= very s t rong d i f f r a c t e d  beam i n t e n s i t y  
= very weak d i f f r a c t e d  beam i n t e n s i t y  
= weak d i f f r a c t e d  beam i n t e n s i t y  
= symbol f o r  alpha-iron 
= symbol f o r  HEgg carbide 
= symbol f o r  epsi lon-carbide 
- 6 = micron, 1 x 10 m e t e r s  o r  u n i t  of pressure, micron Hg 
= symbol f o r  cementite 
SUMMARY 
This d i s s e r t a t i o n  t r e a t s  the  e a r l y  e f f e c t s  of the  c a t a l y t i c  d-ecom- 
pos i t ion  of carbon monoxide on i r o n  surfaces.  To study the  problem the  
system was s impl i f ied  and the  experimental ana lys i s  was conducted on a  
microscopic sca le .  The physica l  range of i n t e r e s t  included c r y s t a l l o -  
graphic f e a t u r e s  such as  d i s loca t ions  on one end and product c r y s t a l  d i s -  
t r i b u t i o n s  (over areas  a s  l a r g e  a s  2,000 square microns) on the  o ther .  The 
e l e c t r o n  microscope o f f e r s  the  v e r s a t i l i t y  required t o  look a t  samples a t  
the  magnifications necessary t o  span t h i s  e n t i r e  range. I n  addi t ion ,  in -  
d iv idua l  product c r y s t a l s  may be se lec ted  f o r  e l ec t ron  d i f f r a c t i o n  ana lys i s .  
I n  order  t o  u t i l i z e  t h e  f u l l  c a p a b i l i t y  of the  e l ec t ron  microscope, metal 
samples cannot be much th icke r  than 1,000 i. The experimental t a s k  was t o  
develop the  equipment and techniques t o  reproducibly grow t h i n ,  i r o n  s i n g l e  
c r y s t a l  f i lms  and t o  expose these  c lean  surfaces  t o  high p u r i t y  carbon mon- 
oxide a t  con t ro l l ed  temperatures. 
The immediate goals  of t h e  t h e s i s  were t o  determine t h e  nuclea t ion  
s i t e s  f o r  t h e  f i r s t  s o l i d  phase product,  t o  i d e n t i f y  it, and t o  s tudy t h e  
e f f e c t s  of temperature and pressure on the  reac t ion .  O f  more genera l  s i g -  
n i f icance ,  t h e  r eac ted  f i lms were t o  be s tudied  t o  cha rac te r i ze  t h e  e a r l y  
s tages  of t h e  metal d e t e r i o r a t i o n  i n  CO environments. The c o l l e c t i v e  in -  
formation was t o  be used t o  e s t a b l i s h  the  mechanism of t h e  metal-C0 i n t e r -  
ac t ion  i n  i t s  e a r l y  s tages .  Success was achieved i n  the  pursu i t  of these  
ob jec t ives .  
The economic losses  r e s u l t i n g  from "metal dust ing" provides t h e  
motivation f o r  research on t h e  a t t a c k  of metals by CO. Carbon monoxide 
decomposes on the  surface of a  c a t a l y s t  t o  give carbon dioxide and elemental 
carbon, The decomposition reac t ion  c o n s t i t u t e s  one of the  more important 
r eac t ions  pe r t inen t  t o  metal dust ing corrosion. 'J%e a t t a c k  manifests i t s e l f  
on a l l  the  common a l loys  and base metals of Fe, Ni, Co, and t h e i r  a l loys  
r e s u l t i n g  i n  embrittlement, p i t t i n g ,  and thinning of the  metal. This type 
of a t t a c k  i s  common t o  t h e  petroleum and r e l a t e d  chemical indus t r i e s  as  
we l l  a s  many other  appl ica t ions  dealing with high temperature carbonaceous 
environments. As a  r e s u l t  of g rea t  d e a l  of information r e l a t e d  t o  and deal -  
ing  d i r e c t l y  with metal dust ing and CO decomposition appears i n  the  l i t e r a -  
t u r e .  The g r e a t  amount of conf l i c t ing  information and t h e  even g rea te r  
abundance of information f o r  which no bas i s  f o r  comparison e x i s t s  demand 
t h a t  more bas ic  approaches be taken t o  solve t h e  complex problem of metal 
dust ing . 
Several  instances of the  use of e lec t ron  microscopy f o r  studying 
reac t ions  on metal f i lms have been repor ted  i n  the  l i t e r a t u r e .  On t h e  
b a s i s  of  the  success achieved i n  these  s tud ies ,  an experimental program was 
designed to  explore the  value of t h i n  f i l m  s tud ies  f o r  inves t iga t ing  the  
decomposition of CO on Fe,  Ni, Co, and C r .  Po lyc rys ta l l ine  f i lms  of these  
metals were made and reacted  i n  a  s p e c i a l l y  constructed tube furnace reac-  
t o r .  From t h i s  work it  was evident  t h a t  d e f i n i t e  r e s u l t s  could bes t  be 
obtained from s tud ies  on v i rg in  surfaces of s ing le  c r y s t a l  i r o n  f i lms  using 
high p u r i t y  carbon monoxide and i ron.  
The general  l i t e r a t u r e  pe r ta in ing  t o  t h e  growth of  ep i t ax ic  s ing le  
c r y s t a l  f i lms  of metals on a l k a l i  ha l ides  was very u s e f u l  i n  providing the  
background necessary t o  u l t ima te ly  develop the  experimental techniques f o r  
forming t h i n  i ron  s i n g l e  c r y s t a l s .  The l i t e r a t u r e  concerned wi th  the  
growth of  i r o n  s ing le  c r y s t a l s  genera l ly  considered the  process t o  be 
d i f f i c u l t ,  and few successful  attempts have been repor ted .  
From the  l i t e r a t u r e  i t  was learned t h a t  t o  prevent t h e  formation 
of oxides on the  surface  of  i ron ,  a  f r e s h  surface  would have t o  be prepared 
-6 
and maintained i n  a  vacuum considerably better than 1 x 10 t o r r .  The bas ic  
components of an Ul tek  TNB vacuum system (capable of vacuum i n  the  10  - 9 
t o r r  s c a l e )  were obtained t o  house t h e  apparatus f o r  making and reac t ing  
s i n g l e  c r y s t a l  f i lms  of i ron .  The system was designed wi th  a hea te r  and 
s u b s t r a t e  c a r r i e r  assembly which could be moved through an a r c  a t  the  end 
of  an arm mounted on a  r o t a r y  sha f t .  The s u b s t r a t e  could, the re fo re ,  be 
pos i t ioned 1 inch away from an i ron  wire c o i l  being sublimated e l e c t r i c a l l y ,  
and then pos i t ioned 1 inch beneath a  r ad ian t  heater  f o r  annealing the  de- 
pos i t ed  f i lm.  The l a t t e r  pos i t ion  was a l s o  used f o r  maintaining a  con t ro l l ed  
and def inable  temperature f o r  r eac t ion  with carbon monoxide. The temperature 
of t h e  f i l m  was defined by es tab l i sh ing  a  s t eady-s ta t e  temperature f o r  the  
s u b s t r a t e  holder and bringing the temperature read  by a thermocouple on the  
surface  of t h e  s u b s t r a t e  t o  t h e  same value. This was done by varying the  
power supplied t o  both  t h e  subs t ra t e  hea te r  and t h e  overhead r a d i a n t  h e a t e r .  
Since the  f i lms  were t o  be reac ted  without i n t e r m i t t e n t  examination, 
the  process f o r  growing s i n g l e  c r y s t a l s  had t o  be reproducible.  The suc- 
c e s s f u l  development of t h e  requi red  techniques revealed t h a t  a  r a p i d  deposi- 
t i o n  r a t e  and a h igh dens i ty  of growth nuc le i  were more important than an 
exact  temperature f o r  the  cleaved (001) f a c e  of the  NaCl subs t ra t e .  The 
corresponding f i l m  o r i e n t a t i o n  had t h e  (001) i r o n  planes p a r a l l e l  t o  the  
f i l m  plane. It was determined t h a t  fol lowing the  i r o n  f i l m  deposi t ion  a  
x x i i  
higher temperature annealing process was required before good qua l i ty  
s ing le  c ry s t a l s  were ac tua l ly  produced. Pr io r  t o  annealing, the  films 
were composed of a l a rge  number of c r y s t a l l i t e s  of approximately the same 
orienta;ion separated by low angle gra in  boundaries. Annealing the f i lms 
resulC,ed i n  the  expulsion of the  majority of t he  dis locat ions  making up 
these  g ra in  boundaries. The resu l t ing  f i lms contained a r e l a t i v e l y  low 
density of d is locat ion sub -boundaries. Attempts t o  make (110) and (111) 
plane s ingle  c r y s t a l  f i lms were not successful  using t he  techniques develop- 
ed f o r  growirg the  (001) type c ry s t a l s .  
The (001) plane i ron  s ing le  c r y s t a l  f i lms were subjected to  the  s m -  
face  decomposition of carbon monoxide a t  f i v e  d i f f e r en t  temperatures from 
250' t o  550 '~  and a t  four  d i f fe ren t  pressures. Not a l l  combinations of 
these conditions were used. 
The investrEgations of the  i ron  s ingle  c r y s t a l  f i lms i n  the  e lect ron 
microscope included the  following: the  crystal lographic fea tures  of the 
i ron f i lms;  t he  character izat ion of so l i d  product nucleation s i t e s ;  the  
morphoiogy and s i z e  of p r e c i p i t a t e  p a r t i c l e s ;  t h e  p r e c i p i t a t e  p a r t i c l e  
population density;  i den t i f i c a t i on  of the  p r ec ip i t a t e  by e lect ron d i f f r ac -  
t i o r ;  t he  o r i en t a t i on  re la t ionsh ip  between product c ry s t a l s  and t h e  i r on  
s ing le  c ry s t a l ;  t he  d i r ec t i ona l  re la t ionsh ip  between the  p r ec ip i t a t e  growth 
d i rec t ions  and t h e  c r y s t a l  s t ruc ture  of the  i ron s ing le  c ry s t a l ;  and t he  
h t e r f a c i a l  character  of t he  product-iron boundaries. The r e s u l t s  showed 
the  i ron surfaces t o  be stepped and of ten  faceted.  The surface of high 
pu r i t y  i ron  was demonstrated a s  a su f f i c i en t  ca ta lys t  f o r  t he  decomposition 
of carbon monoxide. Cementite was shown t o  be t he  f i r s t  so l i d  product t o  
form. The cementite was found t o  nucleate a t  d is locat ion and dis locat ion 
s.al:-~i30.i~r~darie~. It was t h e  only carbide i d e n t i f i e d  under any of t h e  reac-  
5ion condit ions used. Graphite was the  only o ther  product observed and it 
formed on'y a f t e r  cementite began t o  decompose. Both products form by nu- 
c?eai.:Loi?. a ~ d  growth processes . The grow.th r a t e  f o r  cementite p a ~ t  i c l e s  
was shown .i:o be con t ro l l ed  by the  d i f f u s i o n  of  carbon i n  the  i r o n  l a t t i c e .  
The norphology of the  cementite p a r t i c l e s  indica ted  the  carbide t o  p rec ip i -  
t a t p  wi.%hi.n t he  i r o n  l a t t i c e .  A l l  these observations a r e  explainable by 
t h e  cor. ..t;imlous p r e c i p i t a t i o n  process theory. No f ixed  o r i e n t a t i o n  r e l a t i o n -  
sh ip  e x i s t s  between the  cementite p a r t i c l e s  and the  o r i en ted  i r o n  l a t t i c e .  
Large c r y s t a l s  of cementite,  s-uita 'ble f o r  s t m c t u r a l  s tud ies  can be produced 
't,y c o n t r o l l i n g  t h e  r eac t ion  by the  techniques developed. Cementite was 
0 obser.-red t o  decompose a t  a temperature a s  low a s  450 C .  Graphite, t h e  pro- 
duct of cementite decomposition, has a tendency t o  p r e c i p i t a t e  from i r o n  
a:,d/or cementite i n  s p e c i a l  forms and o r i en ta t ions .  
The r e s u l t s  of t h i s  work and the  genera l  l i t e r a t u r e  p e r t i n e n t  t o  
,the subjec t  l e a d  t o  the  fol lowing pos tu la te  f o r  the  r eac t ion  mechanism i n  
t h e  earLy s tages .  Carbon monoxide adsor'bs and decomposes relatively uni- 
formly on the  c l ean  i r o n  surfaces .  This i s  indica ted  by t h e  uniform densi ty  
of the  s o l i d  product p a r t i c l e s .  The nascent carbon dissolves  i n  the  f e r r i t e  
ma:krix (a proper ty  which i s  proposed t o  d i s t i n g u i s h  a c a t a l y s t  metal from a 
.simple adsorber) .  If the  metal i s  not capable of chemically accepting t h e  
r~asce:r t  carbon then no CO decomposition w i l l  t ake  place.  The carbon eventu- 
al.:~ supersa tura tes  t h e  surface  region of t h e  l a t t i c e  and cementite pre-  
eiplS.ates a . t  local. d i s loca t ions  and disl .ocat ion networks. Thus, a continuous 
precipi.bafi.on process i s  i n i t i a t e d  f o r  which i r o n  and graphi te  a r e  the  
equi:l:'Lbri.um phases. The surface  region may be supersa tura ted  t o  some c r i t i c a l  
value above which carbon pene t ra t ion  i n t o  the  l a t t i c e  ceases. The CO 
decompositfon r a t e  i s ,  a  func t ion  of t h e  carbon content of the  iron 
as we;l a s  temperature and pressure .  Therefore, t h e  c a t a l y t i c  power of 
i r o n  i s  a fucc t ion  of carbon content .  
This mechanism may be obscured o r  even a l t e r e d  a s  t h e  r e a c t i o n  de- 
velops. With t h e  onset  of  cementite decomposition and a corresponding 
evolut ion of carbon and f i n e l y  divided f e r r i t e ,  a g rea t  increase  i n  surface  
product formation seems a reasonable p red ic t ion  due t o  t h e  gain i n  surface  
area.  This process would account f o r  the  many observations of increas ing 
a c ' + f v i t y  report,ed i n  the  l i t e r a t u r e .  However, a c t u a l  mechanistic changes 
a f t e r  long periods of r e a c t i o n  cannot be surmised from t h e  present  i n v e s t i -  
ga t  i o ~  . 
CHAPTm _b 
MCKGROUND FOR THE STUDY 
A .  I n t roduc t ion  
This  work t r e a t s  t h e  e a r l y  de,veloprnent of t h e  s o l i d  phase prochcts  
r e s u l t i n g  from t h e  c a t a l y 5 i c  decomposit.ion o f  carbon mocoxide on i r o n  
su r f aces .  I n  o r d e r  t o  expand the  kcowledge i n  t h i s  a r e a ,  it was evider t 
from the l i t e r a t u r e  t h a t  r a t h e r  s o p h i s t i c a t e d  and bas i c  experimental  work 
was r equ i r ed .  For  t h i s  s p e c i f i c  purpose equipment was designed a ~ d  
assembled t o  f a c i l i t a t e  t h e  i n  s i t u  product ion and r e a c t i o n  of high q u a l l t y  -- 
s i n g l e  c r y s t a l  th i r .  f i h s  of i r o n .  Such specimens were determtned .:.ecessar;r 
i n  c o r r e l a t i n g  and expanding t h e  cu r r en t  information wi th  t h e  use  of t r a ~ s -  
mission e l e c t r o n  mic~oscopy  and d i f f r a c t i o n .  The value and utility of t.he 
e l e c t r o n  microscope i n  t h e  a n a l y s i s  of  t h i s  type of  specimen i s  w e i l  recog- 
n i zed  and c o n s t i t u t e s  a h ighly  developed sc ience .  '!?he theory  and t e c k i q c e s  
of  e;ect;ro?l, microscopy a2d d i f f r a c t i o r .  appl l .cable  t o  .t;his work a r e  wei.1 
t r e a t e d  i n  books by Thomas (1) ; Hirsch,  Howie, Nicholson: Pashley,  and 
Wheian ( 2 ) ;  and Heidenretch (3 ) .  Therefore ,  when appropr i a t e ,  desc r ip t io f i s  
of t h e  techniques  of  e l e c t r o n  microscopy used w i l l  b e  r e f e r e w e d  r a t h e r  
t h a n  p re sen t ing  them here .  
The combined techniques  ol e l e c t r o n  microscopy and e l e c t r o n  d i f f r a c -  
t i o n  have n o t  been used be fo re  t o  s tudy  t h e  e f f e c t s  of carbon monox:lde de- 
composition o n  i r o n  s i r g l e  c r y s t a l  f i l m s .  It i s  a l s o  the f i r s t  program 50 
u s e  f r e s h l y  prepared i r o n  s u r f a c e s  f o r  ;he i n t e r a c t i o n  s t s d i e s .  From a 
review of t he  l i t e r a t u r e  i t  i s  c e r t a i n  t h a t  such a  b a s i c  approach i s  r e -  
q u i s i t e  t o  t he  f u l l  understanding of t h e  complex counterpar t  encountered 
i n  i n d u s t r i a l  environments. The r e s u l t s  of t h i s  r e s e a r c h  should a l s o  have 
a d e f i n i t e  re levance  t o  the  cont inuing  r e sea rch  on t h e  hea t  t rea tment  of 
s t e e l .  
B .  Purpose 
The s p e c i f i c  g o a l  of t h i s  r e sea rch  was t o  determine t h e  nuc lea t ion  
s i t e s  of t h e  f i r s t  s o l i d  phase product formed i n  s u f f i c i e n t  q u a n t i t y  t o  
be d e t e c t a b l e  wi th  t h e  techniques  o f  e l e c t r o n  microscopy and e l e c t r o n  
d i f f r a c t i o n .  These techniques c o n s t i t u t e  t h e  most s e n s i t i v e  methods of 
a n a l y s i s  a v a i l a b l e  f o r  t h e  d e t e c t i o n  and c h a r a c t e r i z a t i o n  of r e a c t i o n  p ro -  
duc ts  p r e c i p i t a t e d  w i t h i n  the  meta l  matr ix .  The morphology of t h i s  f i r s t -  
formed product w i l l  be def ined ,  t h e  chemical compound determined, and i t s  
o r i e n t a t i o n  habi t ,  wi th  r e s p e c t  t o  t h e  i r o n  l a t t i c e  e s t a b l i s h e d  w i t h i n  t h e  
l i m i t a t i o n s  of t h e  above mentioned techniques .  Secondary formation of 
I 
o t h e r  products  w i l l  be i n v e s t i g a t e d  t o  a  l e s s e r  ex t en t .  A l l  t h e  r e s u l t s  
w i l l  b e  d iscussed  from t h e  s tandpoin t  of t h e i r  r e l a t i o n  t o  t h e  na tu re  of 
t h e  r e a c t i o n  process .  
This  r e sea rch  e f f o r t  was l i m i t e d  t o  r e a c t i o n  temperatures  below 
0 
550 C due t o  t h e  h igh  vapor p re s su re  of  t h e  sodium c h l o r i d e  s u b s t r a t e s ,  
The temperature and p re s su re  ranges a c t u a l l y  s tud ied  were 250 t o  5 5 0 ' ~  and 
5 t o  1,000 p,  r e s p e c t i v e l y .  
Although no t  t h e  primary g o a l  of  t h i s  r e sea rch ,  one of t h e  more 
no tab le  accomplishments was t h e  p r e r e q u i s i t e  development o f  t h e  techniques 
f o r  t h e  reproducib le  formation of h igh  q u a l i t y  i r o n  s i n g l e  c r y s t a l  f i l m s .  
C .  Motivat ion 
The immediate mot iva t ion  f o r  t he  r e s e a r c h  t r e a t e d  i n  t h i s  t h e s i s  
i s  der ived  from t h e  need t o  understand t h e  b a s i c  f a c t o r s  i n  carbonaceous 
gas-metal  co r ros ion  phenomena occurr ing  i n  a  wide v a r i e t y  of  l a r g e  in -  
d u s t r i e s .  "Metal dus t ing"  i s  t h e  g e n e r a l  term asc r ibed  t o  t h i s  phenomena 
which i s  manifested a s  me ta l  d e t e r i o r a t i o n  and meta l  l o s s  i n  high tempera- 
t u r e  carbonaceous environments (gas  phases of pure components and combina- 
t i o n s  of  CO, C02, and a  l a r g e  v a r i e t y  of hydrocarbons p lus  t h e s e  same 
phases conta in ing  H 0, 
2 
H2, and many o t h e r  gases  a s  minor c o n s t i t u e n t s ) .  
A l l  t he  common a l l o y s  and base metals  of Fe ,  N i ,  Co, and CY a r e  s u b j e c t  
t o  a t t a c k  .under t h e  r i g h t  condi t ions .  Vessels  conta in ing  such atmospheres 
which a r e  p o t e n t i a l l y  ca rbu r i z ing  and reducing may become b r i t t l e ,  p i t t e d ,  
and t h e  wa l l s  may be uniformly th inned  by meta l  wastage a s  a  r e s u l t  of the  
a t t a c k .  The reason  f o r  u s ing  "may1' i n  t h e  l a s t  sen tence  i s  because a  sub- 
t l e  d i f f e r e n c e  i n  atmosphere, p h y s i c a l  v a r i a b l e s ,  o r  m a t e r i a l  h i s t o r y  can 
render  meta l  dus t ing  a t t a c k  t o  one v e s s e l  while  a  s i m i l a r  one under essen-  
t i a l l y  the s a m e  condi t ions  m a y  be spared. The petroleum, petrochemical ,  
s t e e l ,  and nuc lear  r e a c t o r  i n d u s t r i e s  a s  w e l l  a s  t hose  making u s e  of  i n t e r -  
n a l  combustion engines a r e  h u r t  economically by t h e  occurrence of  meta l  
dus t ing .  
I n  t h e  petroleum and petrochemical  i n d u s t r i e s ,  a t t a c k  i s  known t o  
occur  i n  dehydrogenation u n i t s  (4), waste h e a t  b o i l e r s  ( 5 ) ,  f i r e d  h e a t e r s  (6)  
and cracking  u n i t s  dur ing  ope ra t ion  and during r egene ra t ion  of coke plugged 
l i n e s , t o  mention j u s t  a  few examples. Many o t h e r  i n t e r e s t i n g  and p re s s ing  
problems e x i s t  a s  was demonstrated a t  t h e  Ref in ing  Indus t ry  Symposium of 
t h e  15th  Annual Conference of t h e  Nat iona l  Assoc ia t ion  o f  Corrosion Engineers 
i n  1959 which was devoted e n t i r e l y  t o  metal dus t ing  phenomena. Another 
extremely c o s t l y  r e s u l t  of metal  dus t ing  i n  these  i n d u s t r i e s  i s  t h a t  of  
c a t a l y s t  poisoning and f o u l i n g  by metal dust ing products .  I n  t h e  s t e e l  
i ndus t ry  a  major concern i s  t h e  d e t e r i o r a t i o n  of f i r e d  c l ay ,  b l a s t  furnace 
l i n i n g s  due t o  the  a t t a c k  of so -ca l l ed  i r o n  spo t  inc lus ions  and o the r  
e f f e c t s  (7,8,9,10).  H i s t o r i c a l l y ,  the  desc r ip t ion  by P a t t i n s o n  (7) of 
t h e  a t t a c k  of b l a s t  furnace brickwork i n  Cleveland, England i n  1876 was 
t h e  f i r s t  recogni t ion  of t h i s  type of d e t e r i o r a t i o n  a s  being t h e  r e s u l t  of 
carbon monoxide decomposition. This r e a c t i o n  ( t h e  s imples t  r e a c t i o n  g iv ing  
r i s e  t o  meta l  dus t ing)  i s  c a t a l y t i c  i n  na ture  and was given by B e l l  (11) 
and Boudouard (12) a s  2CO = C02 + C .  I ron ,  n i cke l ,  coba l t ,  and t h e i r  a l l o y s  
and oxides have been repor t ed  a s  being t h e  most a c t i v e  c a t a l y s t s  f o r  t h i s  
r e a c t i o n  (13-26). 
The decomposition of CO s t a t e d  t o  be t h e  s imples t  case has rece ived 
f a r  and away t h e  most a t t e n t i o n  of t h e  metal  dus t ing  type r e a c t i o n s ,  and 
y e t  it proves t o  be complex enough wi th  i t s  s i d e  e f f e c t s  on t h e  c a t a l y s t  
and i t s  changing na tu re  wi th  gas mixtures t o  warrant continuing inves t iga -  
t i o n .  Some very good recen t  r e sea rch  on t h i s  t o p i c  has been repor t ed  by a  
team of s c i e n t i s t s  working i n  a  nuclear  r eac to r  development program i n  
England (26,27).  I n  a  steam genera t ing  High Temperature Gas Cooled Reactor 
(power r e a c t o r ) ,  inleakage of  H 0  r e s u l t s  i n  oxidat ion  of t h e  g r a p h i t e  core 
2 
and production of p a r t i a l  pressures  of CO and H i n  t h e  helium coolant .  I n  
2 
t h e  cooler  p a r t s  of t h e  helium c i r c u i t  where t h e  gas temperature ranges 
0 
from 350 t o  750 C ,  carbon monoxide i s  thermodynamically uns tab le .  The gas 
can depos i t  carbon with regenera t ion  of oxid iz ing  H 0  and CO impur i t i e s  
2  2 
which can then  f u r t h e r  corrode t h e  r e a c t o r  core .  On r e f e r r i n g  t o  t h e  
l i t e r a t u r e  r e l a t i n g  t o  meta l  dus t ing ,  t hese  workers found t h e  information 
and da t a  t o  be incomplete and o f t e n  paradoxica l .  Therefore ,  a  r e sea rch  
program was i n i t i a t e d  t o  so lve  t h e i r  p a r t i c u l a r  problem. P a r t  of t h e i r  
work w i l l  be  d iscussed  i n  some d e t a i l  l a t e r  on i n  t h e  t h e s i s .  
Another problem of cu r r en t  i n t e r e s t  i s  t h e  s e l e c t i o n  of  m a t e r i a l s  
f o r  anti-smog devices  f o r  automobiles s i n c e  t h e s e  a r e  sub jec t ed  t o  atmos- 
pheres  conducive t o  meta l  dus t ing  (28) .  
Metal  dus t ing  i s  c u r r e n t l y  of such u n i v e r s a l  concern t h a t  t h e  
Na t iona l  Assoc ia t ion  of Corrosion Engineers (NACE), t h e  American Petroleum 
I n s t i t u t e  (API),  t h e  Atomic Energy Commission ( A E C ) ,  and s e v e r a l  i n d i v i d u a l  
companies a r e  a c t i v e  i n  f i nanc ing  programs of r e sea rch  on t o p i c s  r e l a t e d  t o  
t h e  problem. The Engineering Experiment S t a t i o n  of t h e  Georgia I n s t i t u t e  
of Technology was awarded a  r e s e a r c h  con t r ac t  from t h e  NACE dur ing  the  
pe r iod  1965 t o  1967. The purpose of  t he  p r o j e c t  was t o  de f ine  t h e  products  
formed, t h e  r e a c t i v i t y ,  and t h e  r e a c t i o n  k i n e t i c s  versus temperature f o r  
systems c o n s i s t i n g  of t he  common engineer ing  a l l o y s  and t h e  s impler  meta l  
dus t ing  environments (gas  phases of  C O ,  CH4, and their mixtures  wi th  H ) 
2 
f o r  u s e  i n  engineer ing  design.  This  in format ion  has been publ i shed  i n  pro- 
j e c t  r e p o r t s  (29), p e r i o d i c a l s  (30 ,31) ,  and presented  a t  s e v e r a l  conference 
symposia (32 ,33) .  These papers  se rve  a s  good reviews of t h e  cu r r en t  s t a t e  
o f  knowledge i n  t h e  f i e l d .  The l a r g e s t  and most c u r r e n t  review compi la t ion  
(soon t o  be  publ i shed)  i s  an  annota ted  b ib l iography by R a t l i f f ,  e t  a l .  (34) --
covering t h e  publ ished m a t e r i a l  concerning meta l  dus t ing  phenomena and 
r e l a t e d  t o p i c s  both  app l i ed  and b a s i c .  
D. L i t e r a t u r e  Survey 
A complete review of a l l  t h e  publ ica t ions  pe r t a in ing  t o  metal  dus t -  
ing i s  beyond t h e  scope of t h i s  work. This t h e s i s  i s  concerned wi th  ex- 
panding t h e  knowledge on the  very e a r l y  s tages  of  t h e  formations of  s o l i d  
phase products  r e s u l t i n g  from one metal  dust ing r e a c t i o n  ( 2 ~ 0  = GO + C) o c  
2 
i ron .  While t h i s  work stands unique t o  t h i s  system, t h e r e  i s  obviously 
mutual r e l a t i o n  between it and the  r e s t  of t h e  l i t e r a t u r e .  For complete- 
ness and l o g i c a l  in t roduct ion ,  a  gene ra l  summary of t h e  repor ted  phenomena 
occurring during CO decomposition on i r o n  w i l l  be presented p r i o r  t o  a  r e -  
view of t h e  l i t e r a t u r e  s p e c i f i c a l l y  r e l a t e d  t o  the  r e sea rch  presented i n  
t h i s  d i s s e r t a t i o n .  Another review of t h e  meta l  dust ing l i t e r a t u r e  may be 
found i n  t h e  recent  d i s s e r t a t i o n  by Westerman (35) .  
I. General Summary 
The carbon monoxide-carbon dioxide gas phase equi l ibr ium i s  no t  in -  
dependent of a  carbon containing s o l i d  phase. The equil ibr ium was f i r s t  
s tud ied  by B e l l  (11) who formulated t h e  chemical r e a c t i o n  a s :  
As implied, however, i t  i s  not  necessary f o r  t h e  carbon i n  t h i s  formulat ion 
t o  be present  a s  amorphous o r  c r y s t a l l i n e  carbon ( g r a p h i t e ) .  For example, 
it could be present  a s  an i n t e r s t i t i a l  s o l i d  so lu t ion  i n  i r o n .  F igure  1 
r ep resen t s  the equi l ibr ium composition of t h e  gas phase over both i r o n  (36937) 
and g raph i t e  (11) .  It i s  evident  from these  graphs t h a t  t h e r e  i s  a  high 
p o t e n t i a l  (thermodynamic cons ide ra t ions  a r e  given i n  Appendix A )  f o r  carbon 
depos i t ion  a t  t h e  low temperatures t r e a t e d  i n  t h i s  work (250 t o  550'~) 
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Figure 1. Equilibrium Diagram of the  Fe-0-C System a t  One Atmosphere 
C a t a l y s t s  f o r  t h i s  r e a c t i o n  e x i s t  which promote r a p i d  carbon depos i t i on  
i n  s p e c i f i c  temperature ranges,  c h a r a c t e r i s t i c  of  t h e  c a t a l y s t  p r e s e n t .  
The r e a c t i v i t y  of  t h e  decomposition of carbon monoxide over  i r o n  
i s  found t o  be a complex func t ion  of temperature.  This func t ion  i s  i l l u s -  
t r a t e d  i n  F igu re  2 which shows t h e  r e a c t i v i t y  ( t h e  s lope  of a weight ga in  
curve of  zone r e f i n e d ,  20 m i l  Fe wire  i n  cO) p l o t t e d  versus  temperature.  
This  information was t aken  from t h e  work of Westerman (35) which r e p r e s e n t s  
t h e  l a t e s t  d a t a  of  t h i s  type  a v a i l a b l e .  The peak i n  r e a c t i v i t y  occurr ing  
0 
between 450 t o  650 C i s  a g e n e r a l l y  recognized phenomenon and c h a r a c t e r i z e s  
t h e  r e g i o n  showing maximum carbon depos i t i on  on t h e  i r o n  su r f aces  so  o f t e n  
noted i n  t h e  l i t e r a t u r e  (10,15,38,39,40).  Considerable u n c e r t a i n t y  e x i s t s  
a s  t o  t h e  phenomena producing t h i s  maximum which l i e s  i n  t h e  temperature 
r eg ion  of most severe  meta l  dus t ing .  The t h e o r i e s  p o s t u l a t e d  f o r  t h e  
occurrence w i l l  b e  d iscussed  l a t e r  on i n  t h i s  s e c t i o n .  It i s  important t o  
note  he re  t h a t  t h e  temperature range of t h e  i n v e s t i g a t i o n  t r e a t e d  i n  t h i s  
d i s s e r t a t i o n  runs  from 250 t o  5 5 0 ' ~  which al lows s tudy  of t h e  phenomena 
creating t he  increas ing reactivity. 
a .  S o l i d  Phase Products .  A v a r i e t y  of  s o l i d  phase products  has been 
r epor t ed  by i n v e s t i g a t o r s  o f  t h e  phenomena accompanying t h e  decomposition 
of  carbon monoxide on i ron-bear ing  m a t e r i a l s :  
Fe C-Hexagonal ( a l s o  known a s  €-carb ide ,  F e 2 C ( ~ ) ,  and F ~ ~ c ) ;  
2 
Fe C ( a l s o  known a s  FeC and Eckstrom and Adcock c a r b i d e ) ;  
7 3 
Fe C ( a l s o  known a s  percarb ide ,  X-carb ide ,  Fe  C, HZgg ca rb ide ,  5 2 2 
X -carb ide ,  and Fe C ) ; 
20 9 
Fe C ( a l s o  known a s  cementi te  and 0 -ca rb ide ) ;  
3 
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Figure 2 .  Reac t iv i ty  a t  a Time of  Incubation Plus  Three Hours (35) 
FeO (wi is t i te ) ;  and 
F ~ ( c o ) ~  ( i r o n  penta-carbonyl) .  
There i s ,  however, con t rad ic t ion  over t h e  occurrence of  s e v e r a l  of the  
products and more disagreement a s  t o  t h e  range of  exis tence  and order  of  
prevalence f o r  each species .  A summary of t h e  l i t e r a t u r e  pe r t a in ing  t o  
product i d e n t i f i c a t i o n  i s  t r e a t e d  here  by t h e  t a b u l a t i o n  of r epor t ed  r e -  
s u l t s  and presented i n  Table 1. 
Obviously from t h i s  information no d e f i n i t e  conclusions can be drawn 
a s  t o  t h e  ex i s t ence  and temperature ranges of  a l l  t h e  products repor ted .  
Numerous forms of i r o n  with var ied  h i s t o r i e s  were used f o r  these  examina- 
t i o n s .  I n  add i t ion ,  t h e  v a r i e t y  of t reatments  given t h e  CO used i n  these  
s t u d i e s  makes it impossible t o  e s t a b l i s h  a b a s i s  f o r  a systematic  comparison 
of r e s u l t s .  Although t h i s  t abu la t ion  does not represent  a l l  the  l i t e r a t u r e  
r e l a t e d  t o  CO decomposition, i t  does represent  t h e  major research  e f f o r t s  
and those  appearing t o  be t h e  more c a r e f u l l y  con t ro l l ed .  
I n  summation of Table 1, cementite (Fe C )  has been observed a f t e r  
3 
r e a c t i o n  on carbonyl Fe, Fe powder, vapor depos i ted  t h i n  f i l m s  of Fe(s ingle  
c r y s t a l l i n e  and p ~ l y c r ~ s t a l l i n e ) ,  bulk  s i n g l e  c r y s t a l s  ( spheres  and c r y s t a l s  
wi th  (001) f aces  exposed), Fe c a t a l y s t s ,  zone r e f i n e d  Fe wire ,  e l e c t r o l y t i c  
Fe (bu lk  and powder), Fe from reduced oxides; Fe 0 3, Fe304, and b l a s t  f u r -  
nace b r i c k .  There i s  not  enough information on one type  of i r o n  t o  pre-  
c i s e l y  determine the  l i m i t s  of s t a b i l i t y  of  cementite and t h e  o the r  products .  
The temperature l i m i t s  f o r  each i n v e s t i g a t i o n  o f t e n  correspond t o  experimen- 
t a l  design l i m i t s  r a t h e r  than  a n a t u r a l  r e a c t i o n  range. On t h e  whole, how- 
ever ,  cementite has been found a t  temperatures a s  low a s  2 5 0 ~ ~  and a s  high 
0 
a s  1,000 C. Most o f  t h e  observat ions  l i e  i n  t h e  range of 350 t o  7 0 0 ~ ~ .  
Table 1. Products  Observed f o r  t h e  I n t e r a c t i o n  of CO w i th  I r o n  Bearing Phases 
Form of Temperature Refer  - 
0 
Year I r o n  Reactant  Reaction Products  C Gas Phase ences 
Fe Powder 
Fe, C* 
Fe Carbon, C 
C 
~ E E a r b  ide 
CO (0, f r e e )  Carbonyl Fe C Fe304, F e * , F e C *  
g r  , 3 
C FeO, Fe C*, Fe*, Fe 0 * 
g r '  3 3 4 
C F e C , F e  
g r '  3 
Fe304, Fe 3 C ,  Fe2C 
F ~ ~ c ( H )  & Fe C mix w i t h  t h e  
3 
Fe C content i n c .  w i t h  temp. 
3 
Fe2C -, Fe C + C 
3 
Mix of Fe2C and Fe C 
Fe C only 3 
3 
Fe Powder Fe C ,  no higher  carb ides  o r  
ox?des formed 
E l e c t r o l y t i c  Fe Fe C f i r s t ,  then  C 
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Hofmann and G r o l l  (44)  and HBgg (59)  r epo r t ed  t h a t  temperatures  a s  low as  
200 t o  3 0 0 ~ ~  must be used t o  minimize t h e  p o s s i b i l i t y  of cementi te  formation.  
Percarb ide  ( ~ X g g  ca rb ide )  has been observed a s  a  r e s u l t  o f  C O  a c t i o n  
on Fe powder, Fe f i lms  ( p o l y c r y s t a l l i n e )  , s i n g l e  c r y s t a l  spheres  of  Fe, 
Fe c a t a l y s t s ,  Fe 0 2 3' Fe304, and b l a s t  furnace  b r i c k .  The temperature o f  
formation has been r e p o r t e d  a s  law a s  2 3 0 ' ~  and a s  h igh  a s  850 '~.  However, 
s e v e r a l  of t h e  p u b l i c a t i o n s  used i n  t h i s  t a b u l a t i o n  i n d i c a t e d  t h a t  percar -  
b i d e  does not form but  decomposes r a p i d l y  above 400 t o  4 5 0 ' ~  (45,46,49,53).  
On t h e  o t h e r  hand, Taylor (39) r epo r t ed  t h a t  i n  one in s t ance ,  when g r a p h i t e  
0 
was produced i n  q u a n t i t y  over oxid ized  i r o n  wi re  a t  850 C ,  percarb ide  was 
formed. It should be noted t h a t  mixtures  of cementi te  p a r t i c l e s  and per -  
ca rb ide  p a r t i c l e s  have been r e p o r t e d  i n  t h e  temperature range of  275 t o  
4o0°c (44,45,46,49) .  
The h ighe r  ca rb ides ,  e-carbide (53) and Fe C (26), were noted  i n  
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i r o n  powder a t t a c k  a t  250 t o  4 5 0 ' ~  and i n  bulk  e l e c t r o l y t i c  i r o n  a t t a c k  a t  
0 
550 C ,  r e s p e c t i v e l y .  I n  t h e  f i r s t  case  whole g r a i n s ,  though smal l ,  were 
converted t o  e -carb ide .  The carb ide  was t hen  observed t o  t ransform i n t o  
Hggg carb ide  and then  i n t o  cementi te .  I n  t h e  second case  t h e  Fe C formed 
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a s  very sma l l  c r y s t a l l i t e s  on t h e  s u r f a c e  o f  t h e  i r o n  and on s u r f a c e  ce- 
men t i t e .  This  ca rb ide  was a l s o  p o s t u l a t e d  a s  t h e  n u c l e i  f o r  t h e  growth of 
carbon f i l amen t s .  This  a r t i c l e  w i l l  be reviewed i n  more d e t a i l  a  l i t t l e  
l a t e r  on i n  t h i s  chapter .  
Carbon formation has been noted t o  occur i n  cons iderable  quant , i ty  
g e n e r a l l y  from 450 t o  650 '~  and a g a i n  above 800 '~  ( 2 9 , 3 5 ) .  I n  t h e  450 t o  
6 5 0 ' ~  range t h e  carbon was observed i n  two t y p i c a l  forms, l ame l l ae  and 
f i l a m e n t s .  The f i l amen t s  were r epo r t ed  t o  have diameters  i n  t h e  range of 
0 , 0 1  t o  0.5 microns (9,25,26,35,52,57). Eoth types of carbon were genera l -  
l y  g r a p h i t i c  'in form and were be l ieved t o  r e s u l t  from carbide  decomposit;ior 
a s  a consequence o f  t h i s  f a c t  (26,43,47). Akamatsu and Sato (47) s t a t e d  
t h a t  d i f f r a c t i o n  p a t t e r n s  of amorphous carbon a c t u a l l y  show d-spacings 
corresponding t o  (hk0) and ( 0 0 1 ) ~  b u t  s ince  t h e  carbon r e s u l t i n g  from de- 
composition of  CO showed (101) and (112) spacings, it proved t o  b e  g r a p h i t i c .  
Since amorphous carbon must be heated t o  over 2 , 5 0 0 ~ ~  t o  be g raph i t i zed ,  
t h e y  conc~uded  t h a t  t h e  carbon depos i t  must have r e s u l t e d  from carbide  de- 
composition. 
The produczs contained oxides i n  s e v e r a l  of t h e  inves t iga t ions  
l i s t e d .  A few of  these  were from experiments using an oxide of i r o n  a s  t h e  
i n i t i a l  r e a c t a n t .  Bahr (46) has s a i d  t h a t  products obtained by means of 
7 
carbur iz ing  i r o n  oxides always conta in  some oxide. Bauklow (15) found H20 
vapors t o  r e t a r d  CO decomposition on oxldes by preventing t h e  formation of 
m e t a l l i c  i r o n  surfaces .  Thus, i f  oxides a r e  i n i t i a l l y  present  i t  i s  l i k e i y  
t h a t  an oxide w i l l  appear i n  the  products .  The most obvi.ous reason f o r  
s-uch an occurrence, of course, 5,s that the reaction was not  of  s u f f i c i e n t  
d.urati.on t o  completely reduce t h e  i n i t i a l  oxide phase. 
I n  t h e  case of  an i n i t i a l l y  oxide-f ree  i r o n  sample, oxida t ion  might 
occur from r e a c t i o n  wi th  CO i n  a CO -CO mixture i f  t h e  composition of t h e  
2 2 
gas mixt-ure approaches t h e  equilibl-ium r a t i o  corl-e sp0ndin.g t o  t h e  gas 
phase equil ibr ium. T'ne r a t i o  range a f fo rd ing  t h i s  poss i .b i l i t ,y  i s  shown 
in Figure  I i l l u s t r a t i n g  t h e  equTlibrium r e l a t i o n s  f o r  Fe 0 (20) .  Bil l i .ng-  3 4 
ton  (54) has described severe  oxida.tion of c a s t  i r o n  i n  aE equil ibr i-xn 
mixture a t  375 t o  450'~. 
A t  low temperatures evidence i n d i c a t e s  t h a t  t h e  a c t i v a t i o n  energy 
must be r e l a t i v e l y  h igh  f o r  oxide reduct ion  by CO. I n  Fischer-Tropsch 
c a t a l y s t s ,  b a s i c a l l y  i r o n  carb ide ,  gradual  oxida t ion  t o  Fe 0 has been 
3 4 
asc r ibed  t o  water vapor contamination i n  t h e  f eed  stream of CO p lus  H2 (60) 
( r e a c t o r  temperatures of 225 t o  4 0 0 ~ ~ ) .  A few of t h e  t abu la t ed  examples 
showing oxide formation a t  low temperaturds i n d i c a t e  t h e  absence of an 
0 
oxide a t  temperatures higher than  350 t o  400 C .  
It i s  d i f f i c u l t  t o  e f f e c t i v e l y  p u r i f y  tank CO and CO produced 'by 
mixing s u l f u r i c  a c i d  wi th  formic ac id .  Berry, -- e t  a l .  (10) have analyzed 
commercially pure tank CO and CO made wi th  fo rmic - su l fu r i c  a c i d  wi th  a mass 
spectrometer and have found a i r ,  C02, water vapor, benzene, H 2 f i o 2 ,  cos, 
and acetaldehyde a s  t y p i c a l  contaminants. They found i n  t h e i r  i n v e s t i g a t i o n  
of carbon depos i t ion  on Fe 0 t h a t  t he  su l fur -bear ing  contaminants were 
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p a r t i c u l a r l y  troublesome. Their prel iminary r e s u l t s  were very e r r a t i c  from 
run t o  run wi th  t h e  same tank as  w e l l  as  i n  comparison wi th  runs  us ing  
d i f f e r e n t  tanks.  Elimination of contaminants r e s u l t e d  i n  cons i s t en t  r e -  
s u l t s .  Others have shown t h a t  t h e  add i t ion  of small  amounts of s u l f u r  
compounds t o  t h e  CO decreases o r  s tops  decomposition over i r o n  (15,19,61, 
62,63) . Nltrogen compounds such a s  cyanogen and ammonia a r e  a l s o  e f f e c t i v e  
i n h i b i t o r s  t o  t h e  CO decomposition (15,25,62), while  H on t h e  o t h e r  hand 
2 
is a w e l l  known carbur iz ing  promoter (25,62,64,65). Mention i s  made of 
these  impuri ty e f f e c t s  i n  order  t o  present  t h e  t o t a l  s e t t i n g  i n  which t h e  
experimental f ind ings  were given. Before leaving  t h i s  po in t  i t  should be 
noted t h a t  impur i t ies  i n  the  s o l i d  phase can a l s o  be e f f e c t i v e  i n  masking 
t h e  t r u e  i n t e r a c t i o n  r e l a t i o n s h i p  between carbon monoxide and t h e  i r o n  con- 
t a i n i n g  phase. Berry, e t  a l .  ( l o ) ,  f o r  example, found t h a t  of two b o t t l e s  --
of reagent  grade Fe 0 from t h e  same manufacturer, one sample promoted 
2 3 
carbon, formation, and ,the o the r  f a i l e d  ko produce any carbon under t h e  
same reac t ion  condit ions with CO. Analysis of the  contents o f  t h e  two 
bot . t les  indica ted  t h a t  i n  t h e  carbon producing sample, 0.008 per cent  
sulf 'ur was present  and i n  t h e  o the r ,  0.2 per  cent .  
I n  summation, the  phenomena governing the  occurrence of each pro- 
duct c o n s t i t u f , . ? ~  a complex s e t  of s e l e c t i o n  r u l e s  f o r  r e a l  s i t u a t i o n s .  
b. G e ~ e r a l  Carbide Review. There a r e  only f o u r  we l l  charactey-lzed 
carbides of i ron.  Cementite ( ~ e  C )  was the  f i r s t  carbide s t r u c t u r a l l y  
3  
defined (66).  The physica l  and chemical charac te r i s t i . c s  a r e  we l l  es tabl ished 
f o r  Fe C ( 6 ~ ~ 6 8 ) .  This carbide i s  t h e  fami l i a r  const i tuent  of white c a s t  
3 
i ron  and s t e e l s .  As shown i n  t h e  foregoing l i t e r a t u r e  survey, it can be 
produced from f e r r i t e  by d i r e c t  carbur iza t ion wi.th CO a t  appropriate tem- 
pe ra tu res .  It has an orthorhombic c r y s t a l  structurre of  l a t t i c e  parameters 
a  = 4.52 b ,  b = 5.09 b ,  and c = 6.74 a. The c r y s t a l  l a t t i c e  spacings a r e  
given i n  Appendix B. 
The n,ext carbide discovered was the  HXgg carbide i n  1934 (59).  I. 
has been kn.own as  percarbide and as Fe 
2oC9 ' 
Recently, Jack and W i . l d  (69) 
d e f i n i t e l y  es tab l i shed  t h i s  carbide t o  be Fe C with t h e  pos i t ions  of t h e  
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carbon atoms wel l  defined. The monociinic demensions a r e  given with a  = 
11.562 A,  b = 4.573 i, c  = 5.000 b ,  and B = 97-74'. HZgg carbide may be 
formed by carbur iz ing f e r r i t e  and i s  thought t o  be an intermediate i n  t h e  
tempering of mar tens i te  t o  cementite i n  high-carbon mar tens i t i c  s t e e l s .  
The l a t t i c e  parameters a r e  given i n  Appendix B. 
Epsilon-carbide was f i r s t  character ized i n  t h e  l i t e r a t u r e  by Hofer 
and assoc ia tes  ( 6 8 9 7 ~ 9 7 1 ) .  I t s  s t r u c t u r e  has been es tab l i shed  a s  hexagonal 
close-packed wi th  l a t t i c e  parameter a  = 2.54 A and c  = 4.349 i. I t s  com- 
p o s i t i o n  i s  considered (72) very c lose  t o  t h a t  of Fe C.  A s  noted i n  the  2 
l i t e r a t u r e ,  i t  has been observed a s  a  r e s u l t  of  low temperature carburiza-  
t i o n  of  f i n e l y  divided i ron .  It was conspicuous i n  the  r epor t  of th:ls 
observation t h a t  a  promoted syn the t i c  NH type c a t a l y s t  was used. PercaWb.li3e 
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i s  a l s o  w e l l  e s t ab l i shed  a s  t h e  f i r s t  intermediate i n  t h e  decomposi.:;io:~. of 
mar tens i te .  The l a t t i c e  parameters f o r  t h i s  carbide a r e  given i n  Appendix B. 
The current  nomenclature f o r  these  t h r e e  carbides i s  8 ,  X, and e, 
r e s p e c t i v e l y  (72) .  The l i t e r a t u r e  indica ted  t h a t  the  l a t t e r  two a r e  a  r e -  
s u l t  of p r e c i p i t a t i o n  from l a t t i c e s  h ighly  sa tu ra ted  with carbon, but  t h e  
temperature range of t h e i r  s t a b i l i t y  has not been completely defined.  
The f o u r t h  carbide  was discovered by Eckstrom and Adcock (73) i n  
1950 i n  the  c a t a l y s t  charge of a  f lu id ized-bed,  hydrocarbon syn thes i s  p l a n t .  
It was t e n t a t i v e l y  charac ter ized  a s  FeC but  has r ecen t ly  been found t o  be 
isomorphous with t h e  we l l  known 9 C 3  group (74) .  The substance Fe C occurs 
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among the  r e a c t i o n  products of diamond synthes is  when i r o n  i s  used a s  t h e  
so lvent  f o r  carbon. It does not  lend i t s e l f  t o  normal methods of  labora-  
t o r y  synthes is .  The l a t t i c e  parameters a re  given in Appendix B. 
c.  Ca ta lys t s  and Mechanisms. I n  t h i s  sec t ion  d iscuss ion wil:'be 
l i m i t e d  t o  the  most important a r t i c l e s  proposing mechanisms f o r  t h e  decom- 
p o s i t i o n  of  C O  over s o l i d s  containing i r o n ,  excluding the  g r e a t  amount of 
information per ta in ing t o  i n t e r m e t a l l i c  a l loys .  The development w i l l  be 
chronological  so t h a t  the  background ava i l ab le  t o  t h e  l a t e r  i n v e s t i g a t o r s  
w i l l  be  apparent s ince  t h i s  knowledge had a bearing on t h e i r  work and con- 
c  l u s  ions.  
H i l p e r t  and Dieckmann (42)  studying the  a c t i o n  of  CO on Fe 0 il: 
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1915 found t h e  oxide t o  be reduced a f t e r  10 hours a t  950 '~  t o  99.8 per  c a t  
Fe without  t h e  sepa ra t ion  of carbon. A t  8 5 0 ' ~  and below carbide and carbon 
were found t o  form r a p i d l y  and l e d  them t o  conclude t h a t  a  carb ide  a c t s  a s  
t h e  c a t a l y s t .  They proposed t h a t  Fe C i s  broken down by CO wi th  t h e  forma- 
3 
t i o n  of h igher  carbides (poss ib ly  Fe2C and F ~ C )  which then decompose t o  
carbon and Fe C which i s  then  a v a i l a b l e  f o r  f i l r the r  ac t ion .  
3 
Tropsch and Von Phi l ippovich  (13) i n  1925 found g r e a t  d i f f e rences  i n  
t h e  c a t a l y t i c  a c t i v i t i e s  of  i rons  produced by various oxide reductions.  
They s tud ied  t h e  r e a c t i v i t y  of  CO wi th  a  l a r g e  number of contact  substances 
by measuring t h e  CO content  i n  t h e  product gas stream a t  4 0 0 ~ ~ .  
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I n  t h e  per iod  1927 t o  1931, Schenck (36,7513 Hofmann and G r o l l  (43,44) 
and Tutiya were major con t r ibu to r s  t o  t h e  r e sea rch  on CO decomposition i n  
t h e  presence o f  i r o n  compounds. Schenck c a r r i e d  out  ex tens ive  i n v e s t i g a t i o n s  
of Fe-C-0 e q u i l i b r i a  and assumed meta l l i c  i r o n  t o  be the  c a t a l y s t .  Hofmann 
and G r o l l  h e l d  s i m i l a r  views of the  c a t a l y s t ,  and t h e i r  c o l l e c t i v e  works 
i n d i c a t e  carbon depos i t s  t o  r e s u l t  from carbide  decomposition. Tutiya (~6~77) 
on the  o t h e r  hand, proposed t h a t  the r eac t ion  i s  a u t o c a t a l y t i c  r e s u l t i n g  
from d i r e c t  Fe C formation which subsequently ca ta lyzes  t h e  reaction 2C0  = 
3 
GO2 + C .  He s t a t e d  t h a t  the  carbon has no c a t a l y t i c  p r o p e r t i e s  and f u r t h e r ,  
t h a t  t h e  Fe C becomes densely packed w i t h  t h e  carbon and there'by i s o l a t e s  
3 
i t s e l f  t o  the  ex ten t  t h a t  it can no longer promote decomposition. A l a t e r  
0 
i n t e r e s t i n g  observat ion  of h i s  was t h a t  a t  270 C percarbide  can be formed. 
The work of Baukloh and h i s  a s soc ia t e s  Hieber,  Spe tz l e r ,  Henke, 
Cha t t e r j ee ,  and Das over the  years  1936 t o  1955 c o n s t i t u t e s  one of t h e  
l a r g e s t  and most comprehensive r e sea rch  programs c a r r i e d  out  on the  CO de- 
composition on metals and t h e i r  compounds (14,16,19,20,65,78,79,80 >81) a
Much o f  t h e i r  work was s p e c i f i c a l l y  d i r e c t e d  a t  determing t h e  c a t a l y s t s  f o r  
t h e  r e a c t i o n .  They found t h a t  the  oxides have p r a c t i c a l l y  no e f f e c t  on 
the  decomposition; t h e  metal  i t s e l f  being t h e  c a t a l y t i c  agent .  Fur the r ,  
they noted t h a t  the decomposition occurred i n  t h e  adsorpt ion l a y e r  and 
was p ropor t iona l  t o  t h e  amount of CO adsorbed. The temperature range 
0 
s tudied  was 300 t o  900 C and the  maximum r a t e  of decomposition of C0 a t  
0 
1 atm was found t o  occur a t  500 C whether t h e  i r o n  was i n i t i a l l y  present  
a s  Fe, Fe 0 FeO, o r  Fe 0 The genera l ly  noted decrease i n  r e a c t i o n  
2 3' 3 4' 
speed was a t t r i b u t e d  t o  t h e  formation of metal  carb ides .  The p o s s i b i l i t y  
of Fe C ac t ing  a s  a c a t a l y s t  was explored and t h e  conclusion was negat ive.  
3 
Treatment of deact iva ted  c a t a l y s t s  and Fe C separa ted  from white c a s t  i r o n  
3 
with  H was found t o  produce a c a t a l y t i c  ma te r i a l  owing t o  reduct ion  of t h e  2 
carbides t o  the  metal.  
Olmer i n  1942 (17),s tudying t h e  c a t a l y t i c  decomposition of CO by 
ferromagnetic  metals below 1 , 0 0 0 ~ ~ ,  found c a t a l y s i s  t o  be l i m i t e d  t o  Fe,  
Ni, and Co. The a c t i v i t y  was s p e c i f i c a l l y  a t t r i b u t e d  t o  the  metals and not  
t h e i r  compounds. He r e l a t e d  the  maxima i n  the  a c t i v i t y  curve f o r  i r o n  a t  
580 t o  5 9 0 ~ ~  t o  the  agglomeration of the c a t a l y s t  p a r t i c l e s  which thereby 
reduced t h e  e f f e c t i v e  su r face  a rea .  
Chufarov i n  1947 (19) found the  decomposition of CO on. an "Fe 
c a t a l y s t "  t o  be a f i r s t - o r d e r  r e a c t i o n  i n  t h e  pressure  range 2 t o  200 t o r r  
CO and i n  the  temperature range 350 to 450'~. The r e a c t i o n  obeys t h e  
equation: -dp/dt = k - p  where p i s  t h e  pressure  of CO. The r e a c t i o n  r a t e  
"v" was found t o  change according t o  t h e  Arrhenius equation:  v = A - ~ X ~ - E / R T  
where E,  t h e  a c t i v a t i o n  energy, i s  34 kcal/mole. 
I n  1948 J u l i a r d ,  -- e t  a l .  (82) published t h e i r  f ind ings  on a s tudy of 
t h e  d i s s o c i a t i o n  of carbon monoxide i n  the  presence o f  m e t a l l i c  oxides.  
They observed i n  the  case of i r o n  t h a t  no carbon deposi.t ion occurred u n t i l  
t h e  oxides had been reduced and an i n t e r f a c e  of i ron  -cemen'tite had formed. 
Subsequently, the  i n t e r f a c e  was considered t o  be the  c a t a l y s t  f o r  the  
Boudouard r e a c t i o n ,  Equation ( I ) ,  r a t h e r  than the  pure metal.  
I n  some c a r e f u l l y  con t ro l l ed  experiments by Akamatsu i n  1949 (47) ,  
i r o n  was assumed t o  be t.he ca ta lys , t  with carbon depos i t  formation r e s u l t i n g  
from carbide decomposition. Fleureau i n  1953 (23), on the  o t h e r  hand, 
suggested a s  t h e  f i r s t  s t e p  of t h e  r e a c t i o n  the  chemisorption of  CO forming 
a carbonyl on the  sur face .  The v o l a t i l i t y  of t h e  i ron  carbonyl,  he s t a t e d ,  
accounts f o r  t h e  presence of i r o n  wi th in  the  bulk  of t h e  carbon depos i t ,  
Fur the r ,  Fleureau concluded t h a t  carbon and cementite a r e  formed i n  two 
p a r a l l e l  r eac t ions  from t h e  decomposing carbonyl.  McKinney (18) was another  
proponent of a  carbonyl in termedia te  i n  the  r e a c t i o n  mechanism. 
I n  t h e  per iod  1948 t o  1950, Kummer, -- e t  a l .  (83) and l a t e r  Podgurski,  
Kwnmer, -- e t  a l .  (84) repor ted  some i n t e r e s t i n g  f ind ings  from , the i r  s t u d i e s  
of Fischer-Tropsch synthes is  ca . t a lys t s .  Radioact ive t r a c e r  techniques and 
adsorpt ion  s t u d i e s  showed t h a t  the  ca rbur i za t ion  of syn the t i c  ammonia 
c a r a l y s t s  ( i r o n  base)  wi th  CO r e s u l t s  i n  carb ide  formation a t  a c t i v e  s m -  
f a c e  s i t e s  r a t h e r  than  forming uniformly over t h e  e n t i r e  c a t a l y s t  sur face  
( t h e  temperature range of ca rbur i za t ion  being 200 t o  325'~) .  It was theor-  
i zed  t h a t  carbon could d i f f u s e  r a p i d l y  through the  i r o n  and depos i t  deep 
wi th in  t h e  i r o n  matr ix on a carbi.de p r e c i p i t a t e  i n t e r f a c e .  Epsi lon-carbide 
was observed t o  form by carbid ing  t h e  f i n e  gra ined  ammonia syn thes i s  ca.tai;yst 
0 
a t  a  temperature of  215 C without  the  presence o f  Cu a s  a  promotor. The ad- 
so rp t ion  experiments showed t h a t  carb ides  do no t  adsorb CO. It i s  impor,tant 
t o  note t h a t  t h e y  pos tu la t ed  t h a t  oxygen i n  small  amounts could s t a b i l i z e  
cementitie. This hy-pothesis was based on s t a b i l i t y  comparisons between. 
cementite formed by CO carbur iza t ion versus hyd.rocarbon carbur iza t ion;  
cementite from t h e  l a t t e r  process decomposing a f t e r  only a few hours a t  
5 0 0 ~ ~ .  Longer times and higher temperatures were required t o  decompose 
cementite r e s u l t i n g  from the  former process which was a l s o  noted t o  aiways 
prodl~ce small amounts of oxide. A r t i c l e s  by .these inves t iga to r s ,  although 
comprehensive, f a i l e d  t o  give a complete formulation of carburizat ion.  
Kehrer and Leidheiser (24)  made a study of t h e  c a t a l y t i c  p roper t i e s  
of t h e  various c r y s t a l  surfaces of a number of metals. The decomposition 
of CO was t h e  se lec ted  reac t ion  and the  c r y s t a l s  used were i n  t h e  form of 
spheres so t h a t  a l i  planes would be exposed i n  a s ing le  run. For i r o n  i n  
carbon monoxide they found the  f i r s t  darkening of the  sphere a t  550'~ i n  
regions neighboring t h e  th ree  major c r y s t a l  faces .  These c r y s t a l  f aces  
showing highes t  r e a c t i v i t y  were planes of unequal indices and genera l ly  
of high index. Second i n  order  of r e a c t i v i t y  were t h e  c r y s t a l  faces  of 
type (211), (311), (411), e t c . ;  t h i r d  i n  order of r e a c t i v i t y  were c r y s t a l  
faces  of type (221), (331), (4411, e t c .  ; four th  i n  order of r e a c t i v i t y  were 
c r y s t a l  f aces  of type (210), ( 3 1 0 ) ~  (410), e t c .  ; f i f t h  i n  order were type 
(111) and (110) faces ;  and s i x t h  were (100) faces.  Cementite i n  f i n e  needle 
form was t h e  f i r s t  product t o  form on each face  and was followed by t h e  
appearance of carbon deposi ts .  The reac t ion  sequence f o r  both products when 
r e l a t e d  t o  c r y s t a l  faces  followed t h e  a c t i v i t y  guide above. The cementite 
needles were observed t o  increase  i n  s i z e  wi th  time and t o  cover p r a c t i c a l l y  
the  e n t i r e  c r y s t a l  surface before the  carbon deposi ts  began t o  appear. The 
carbon deposit  was character ized,  using t h e  e lec t ron  microscope, a s  being 
made up of long coi led  threads.  Similar  r e s u l t s  were observed a t  lower 
temperatures with Fe C being replaced by Fe C (350 '~  and 'below). 
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I n .  1955 Royen and Blumrich (53) and MacIver and Emmett (52) found 
m e t a l l i c  i r o n  t o  ca ta lyze  t h e  decomposition of  carbon monoxide i n  t h e  
temperature ranges 250 t o  450 '~  and 450 t o  60o0c, r e spec t ive ly .  On t h e  
o t h e r  hand, Berry and h i s  a s s o c i a t e s  (10) claimed t h e  c a t a l y s t  t o  be pro- 
vided by t h e  conversion of t h e  oxide (Fe 0  being the  i ron-bearing phase 
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i nves t iga ted )  t o  a  carb ide .  They repor ted  Hggg-carbide t o  be the  c a t a l y s  i: 
from 400 t o  565'~;  from 565 t o  7 0 0 ~ ~  t h e  c a t a l y s t  was s t a t e d  t o  be cemeriti.te 
having an abnormally low Curie temperature range. Fur the r ,  they  s t a t e d  
d e f i n i t e l y  t h a t  cementite does not  ca ta lyze  t h e  r e a c t i o n  'between 400 and 
0 
565 C and t h a t  m e t a l l i c  i ron ,  magnetite (Fe 0  ) ,  and carbon a r e  not c a t a l y s t s ,  3 4 
The r e a c t i o n  maxima was found t o  occur i n  t h e  same temperature i n t e r v a l  a s  
t h a t  found by t h e  major i ty  of o the r  researchers , ,  500 t o  600'~. 
Taylor (39) i n  1956 introduced a  new idea t o  t h e  l i s t  of proposed 
c a t a l y s t  mechanisms. While studying the  decomposition of CO over i r o n  and 
iron-oxide powders i n  t h e  temperature range 400 t o  1 ,00O0~,  he f o n d  carbon 
0 
depos i t ion  t o  take  p lace  below 723 C on ly  when t h e r e  was some Fe 0  present;. 
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A t  the higher  temperatures nascent carbon was viewed t o  pene t r a t e  and 
super sa tu ra t e  the  i r o n  l a t t i c e  wi th  subsequent g raph i t e  and carbi.de pre-  
c i p i t a t i o n .  A t  t h e  lower temperatures,  Taylor doubted t h e  a b i l i t y  of the  
carbon t o  migrate i n t o  the  l a t t i c e  f a s t  enough to  r e s u l t  i n  the  high reac-  
t i o n  r a t e s  observed. Since t h e  i r o n  atoms a r e  more widely spaced both i n  
the  oxide l a t t i c e  and a t  t he  oxide-iron i n t e r f a c e  than  i n  a - i r o n ,  he sug- 
ges ted  t h a t  carbon atoms could e n t e r  the  i r o n  l a t t i c e  more e a s i l y  a-t  t h e  
oxide-iron i n t e r f a c e  o r  by exchange wi th  oxygen ions during reduct ion .  
Fur the r ,  t h e  supersa tura ted  s o l u t i o n  formed tends t o  p r e c i p i t a t e  g raph i t e  
and i r o n  carb ide .  According t o  t h i s  scheme, carbon depos i t ion  i s  catalyzed 
by t h e  Fe 0  -Fe i n t e r f a c e  which can r e s u l t  from p a r t i a l  oxide reductior, o r  
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from reoxidat ion  of i ron .  They a t t r i b u t e d  deac t iva t ion  t o  complete conver- 
s i o n  t o  i r o n  and i r o n  carbide.  React ion r a t e  was suggested a s  determini.ng 
t h e  proport ion of g raph i t e  t o  ca rb id ic  carbon formed (cementi te  and per-  
carb ide  a t  low temperatures) .  The higher r a t e s  were repor ted  more favorable 
t o  carb ide  formation. The appearance of percarbide a t  5 0 0 ~ ~  i n s t e a d  of 
cementi te  was explained by the  occurrence of  acce le ra t ed  ca rbur i za t ion  due 
t o  a  " r a t e  promoting pretreatment" of the  oxide.  I n  s.urnmation of h i s  
s e c t i o n  on t h e  p repa ra t ion  of i r o n  carb ides ,  i t  i s  a l s o  i n t e r e s t i n g  t o  note  
t h a t  he s t a t e d  "evident ly ,  temperature i s  by no means t h e  only f a c t o r  i n  
determining which carbide s h a l l  form." The genera l ly  noted r e a c t i v i t y  de- 
c rease  above 550 '~  he a t t r i b u t e d  t o  t h e  more r a p i d  reduct ion  of Fe 0 
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Kagan and a s s o c i a t e s  (55) i n  1959 repor ted  a  s tudy of the  r e a c t i o n  
k i n e t i c s  of  carbon monoxide i n  t h e  presence of  i r o n  c a t a l y s t s .  The tempera- 
0 t u r e  range was 240 t o  410 C ,  and t h e  c a t a l y s t  was formed by reducing a  mix- 
t u r e  of 100 Fe 0  + 6 A1 0 + 4.2 SiO + 1 . 2  K 0  + 0.5  C r  i n  hydrogen a t  
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8 0 0 ~ ~ .  Although t h i s  particular CO-catalyst system i s  not  of i n t e r e s t ,  
c e r t a i n  p o i n t s  i n  the  r e s u l t s  should be noted. It was shown t h a t  i n  the  
presence of  t h i s  c a t a l y s t ,  curves r e l a t i n g  t h e  r a t e  of t h e  carbon deposi- 
t i o n  with time pass through a  maximum during t h e  i n i t i a l  s t ages .  It was 
determined t h a t  t h i s  r e s u l t e d  from an a u t o c a t a l y t i c  phenomena i n  t h e  reac-  
t i o n  concurrent with carb ide  formation (percarbide  a t  lower temperatures)  . 
The fol lowing mechanism f o r  t h e  formation of i r o n  carb ide  was then  suggested. 
I n i t i a l l y ,  c r y s t a l  nuc le i  of  t h e  new carbide phase form and grow, inc reas ing  
t h e  a rea  of t h e  carb ide- i ron  i n t e r f a c e .  The r e a c t i o n  apparent ly  occ-urs by 
an a u t o c a t a l y t i c  process a s  do a  g r e a t  many r e a c t i o n s  involving s o l i d  phases. 
During t h e  second s t a g e ,  fol lowing the  maximum r a t e  of r e a c t i o n ,  t h e  
n u c l e i  of t h e  new phase were explained t o  begin  t o  coa lesce .  They form a 
l a y e r  of  ca rb ide  which advances t o  t he  c e n t e r  of t h e  granule .  The phase 
boundaries  c o n t r a c t  and access  of carbon monoxide t o  t h e s e  boundaries and 
mig ra t ion  of  carbon a r e  r e t a r d e d .  The r e a c t i o n  r a t e  decreases  w i t h  t ime,  
and t h e  r e a c t i o n  proceeds by d i f f u s i o n .  Carbon d e p o s i t s  a s  descr ibed  a r e  
noted t o  form only  a f t e r  t h e  maximum r a t e  of carb ide  formation i s  reached. 
Extensive i n v e s t i g a t i o n s  by Walker, -- e t  a l .  (40) of  t h e  decomposition 
of  CO on carbonyl  i r o n  i n  t h e  presence of hydrogen i n d i c a t e d  t h e  c a t a l y s t  
t o  be m e t a l l i c  i r o n .  They assumed t h a t  CO chemisorbs on  i r o n  b u t  no t  on 
cementi te .  The carbon atoms produced on decomposition were s a i d  t o  have 
a  h igh  mob i l i t y  and migrate  ac ros s  t h e  su r f ace  t o  a  nuc lea t ing  c e n t e r  (pro-  
bably a d i s l o c a t i o n )  where they  begin  forming concurren t ly  bo th  f r e e  carbon 
and ca rb ide  ( cemen t i t e ) .  The product ion  of f r e e  carbon was s a i d  t o  s t o p  
when t h e  c a t a l y s t  has been completely carb ided  t o  cement i te ,  s i n c e  t h e  
chemisorpt ion of  carbon monoxide w i l l  a l s o  s top .  This  work was done i n  
1959 and covered t h e  temperature range 450 t o  700'~. 
During t h e  pe r iod  1962 t o  1964, Cox (57)) Hui and Boulle (56), and 
Schmit t  (58)  found t h a t  m e t a l l i c  i r o n  a c t s  a s  a c a t a l y s t  i n  t h e  decomposi- 
t i o n  of  CO. 
The Bureau of Mines B u l l e t i n  631 (72) ,  publ i shed  i n  1966, analyzed 
and summarized r e s e a r c h  a t  t h e  Bureau of  Mines dea l ing  w i t h  t h e  prepara-  
t i o n ,  p r o p e r t i e s ,  and r e a c t i o n s  of i r o n  carb ides  i n  t h e  pe r iod  1948 t o  
1960. This work was compiled under t h e  d i r e c t i o n  of  I,. J. E. Hofer. The 
major o b j e c t i v e  of t h e  program was t o  develop b e t t e r  c a t a l y s t s  f o r  t h e  
s y n t h e s i s  of hydrocarbons from hydrogen and carbon monoxide. The i n v e s t i -  
g a t i o n s  r e s u l t e d  i n  t h e  c h a r a c t e r i z a t i o n  of eps i lon -ca rb ide ,  which has 
a l s o  proved t o  be  an  important in te rmedia te  i n  t h e  tempering of marten- 
s i t e  i n  s t e e l .  It was observed t h a t  the  carbon from CO r e a c t s  n e a r l y  
completely wi th  f i n e l y  d iv ided  a lpha - i ron  t o  form €-carb ide  i n  which t h e  
metal atoms a r e  arranged i n  a  hexagonal,  close-packed conf igu ra t ion .  
Eps i lon-carb ide  was observed t o  have a  composition w i t h i n  2  atomic pe r  cent  
of  t h a t  f o r  Fe C and had a  Curie  p o i n t  of about 370 '~.  This carb ide  was 
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c o n v e r t i b l e  t o  pe rca rb ide  by thermal  t rea tment  a t  343 C f o r  approximately 
70 hours .  The l a t t e r  had a  Curie  p o i n t  of 247 '~  and could a l s o  be syn- 
t h e s i z e d  from CO a t  240 '~.  The r e s u l t i n g  ca rb ide  had a  carbon content  
w i t h i n  7 atomic per  cent  of Fe C .  Percarb ide  was noted t o  t ransform and 
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produce cementi te  a t  5 5 0 ~ ~  i n  about 315 minutes.  Pure pe rca rb ide  was found 
t o  decompose t o  form cementi te  w i th  t h e  e l imina t ion  of f r e e  carbon. The 
Curie  p o i n t  of  t h e  cementi te  formed was 210'~. I n  t h e  presence of an  ex- 
cess  o f  f r e e  i r o n  (pe rca rb ide  and i r o n  being i n  in t ima te  c o n t a c t ) ,  per -  
carb ide  was found t o  r e a c t  w i th  the  a - i r o n  t o  form cement i te .  The l a t t e r  
0 r e a c t i o n  proceeded a t  an apprec i ab le  r a t e  a t  320 C .  It was s ta ted  t h a t  
t he  ease  of  t h e  r e a c t i o n  i n  t he  presence of  f r e e  i r o n  sugges ts  percarb ide  
t o  be  an  in te rmedia te  i n  t h e  tempering of  eps i lon -ca rb ide  t o  cement i te .  
0 It was noted t h a t  ca rb id ing  a - i r o n  t o  nea r  completion a t  240 C over  
a  pe r iod  of  approximately 300 hours r e s u l t e d  i n  a  p r e p a r a t i o n  contain'l.ng 
no measurable amount of  eps i lon-carb ide .  However, b r i e f  pe r iods  of t h e  
o r d e r  o f  a  minute r e s u l t e d  i n  t h e  format ion  of d e t e c t a b l e  eps i lon -ca rb ide  
0 
even a t  temperatures  a s  h igh  a s  325 C .  The da t a  was then  s a i d  t o  i n d i c a t e  
t h a t  e p s i l o n  i r o n  ca rb ide  i s  an  in t e rmed ia t e  i n  t h e  formation of percarb ide .  
The d e t a i l e d  mechanism of t h e  ca rb id ing  of a lpha - i ron  i s  somewhat 
uncer t a in ,  Hofer admit ted,  but t h e  main f e a t u r e s ,  he suggested, may be 
summarized i n  t h e  i l l u s t r a t i o n  given i n  Figure 3 taken from h i s  r e p o r t .  
Hofer used t h e  fol lowing l i n e  of reasoning i n  h i s  account of the  r e a c t i o n  
. - 
scheme. A t  temperatures below 1 0 0 ~ ~  and a t  CO pressures  of s e v e r a l  a t -  
mospheres, the  i ron  carbonyl may form. For the  s tandard pressure  of 1 atm, 
a  sur face  carb ide  r e s u l t s  a t  higher temperatures subsequent t o  CO d i s soc ia -  
t i o n  and C O  formation and desorpt ion.  The surface  carbide atoms can com- 
2 
b ine  t o  form f r e e  carbon, o r  i n  a  competing process ,  the  sur face  carbon 
atoms can pene t ra t e  t h e  l a t t i c e  and form an  i n t e r s t i t i a l  s o l i d  s o l u t i o n  i n  
t h e  i ron .  The f r e e  energy of t h e  sur face  carbide atoms was s t a t e d  t o  be 
s u f f i c i e n t l y  high so t h a t  the  so lu t ion  may become supersa tura ted  wi th  r e -  
spect  t o  t h e  t h r e e  known carbides .  Which p a r t i c u l a r  carb ide  i s  p r e c i p i t a t e d  
was noted t o  be a  func t ion  of temperature. Therefore,  i n  view of the  pro- 
posed e t o  x t o  8 sequence, Hofer proposed t h a t  by choosing t h e  co r rec t  
temperature t h e  r e a c t i o n  can be h a l t e d  a t  any des i r ed  s t age .  A l t e rna te ly ,  
t he  var ious  i r o n  carb ides  may form d i r e c t l y  from a s o l i d  s o l u t i o n  (85) a s  
i n d i c a t e d  by t h e  do t t ed  l i n e s  i n  F igure  3. The carbon concen t r a t ion  values, 
d-etermined by Roberts ,  Averbach, and Cohen (86) and given i n  Figure 3, 
i n d i c a t e  t h e  concent ra t ion  l i m i t s  g iv ing  r i s e  t o  s-carbide and cementite 
p r e c i p i t a t i o n .  
It should be poin ted  out  t h a t  t h e  emphasis of t h e  work by Hofer, 
e t  a l .  was t h e  s tudy of carbides i n  bulk ( t h e  determinat ion of t h e  tempera- -- 
t u r e  range of t h e i r  formation and thermodynamic s t a b i l i t y ) .  They sought 
t o  carbur ize  t h e  whole sample o r  a  l a r g e  percentage of i t .  As a r e s u l t ,  
they  used methods which acce le ra t ed  i r o n  ca rbur i za t ion  and completely by- 
passed t h e  s tudy of t h e  i n i t i a l  carb ide  p r e c i p i t a t i o n  i n  h igh  p u r i t y  i ron  
Figure  3. Hofer ' s  (72) Concept of t he  Process  of D i rec t  Carbur iza t ion  
of  Alpha-Iron. Heavy Arrows Ind ica t ed  t h e  Most Probable 
Sequence 
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EPSILON I R O N  CARBIDE 
(HCP CARBIDE) - 
--- T H E T A  I R O N  CARBIDE 
(CEMENTITE) 
--- CHI I R O N  CARBIDE 
(H#GG CARBIDE) 
a t  r e l a t i v e l y  slow r a t e s  of  carbur iza t ion .  This i s  t h e  area  covered by 
the  present  research .  
Ruston, -- e t  a l . (26) i n  1966 repor ted  i r o n  t o  c a t a l y t i c a l l y  decompo5e 
carbon monoxide. High p u r i t y ,  e l e c t r o l y t i c  i r o n  samples o f  s i n g l e  c r y s t a l  
0 
and po lyc rys ta l  p l a t e  configurat ion were used a t  550 C. They found t h a t  
the  various p a r t i a l  pressures  of CO used i n  argon mixtures served only  t o  
e f f e c t  t h e  r a t e  of the  r eac t ion  and not t h e  mechanism. The nacent carbon 
produced i n  t h e  CO decomposition was proposed t o  carbur ize  the  metal bulk 
by i n t e r s t i t i a l  diff 'usion wi th  subsequent p r e c i p i t a t i o n  of cementite a f t e r  
the  so lu t ion  became supersa tura ted .  The surface  cementite was observed t o  
take the  shape of simple o r  composite pyramids wi th  varying geometries a t  
t h e i r  base. These were s a i d  t o  have grown e p i t a x i a l l y  on t h e  su r face  
( r e l a t i o n  not given) and were d e n d r i t i c  i n  s t r u c t u r e .  The loca t ions  of 
cementite p r e c i p i t a t e s  were t ransgranular  and in te rg ranu la r ,  and each pre-  
c i p i t a t e  p a r t i c l e  was considered t o  be a s i n g l e  c r y s t a l .  A f t e r  a per iod  
of time dependent on t h e  CO p a r t i a l  pressure ,  a carbon deposi t  appeared 
i n  t h e  c e n t r a l  region of the  cementite pyramids. The carbon formations 
( lamel lar  g raph i t e  f lakes)were  found t o  grow i n  s i z e  wi th  time along wi th  
t h e i r  number. 
The s e l e c t i v e  e f f e c t  of metal c r y s t a l  o r i e n t a t i o n  was noted t o  
disappear a f t e r  long per iods  of exposure. Concurrent wi th  cementite f o r -  
mation and decomposition, smal l  c r y s t a l s  of Fe C were observed t o  grow 
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e p i t a x i a l l y  ( r e l a t i o n s  not given) and t o  be uniformly distri 'buted over a 
s i n g l e  meta l  gra in .  These were noted t o  vary i n  populat ion dens i ty  from 
one g r a i n  t o  another. These c r y s t a l s  were repor ted  t o  a c t  a s  growth cen te r s  
f o r  the  second type of  carbon deposi t  observed, whiskers ( t h e  commonly ob- 
served  f i l amen ta ry  carbon) .  I n  t h e  l a t e r  s t a g e s  o f  r e a c t i o n  t h e  vh i skc r s  
were s a i d  t o  l i f t  t h e  Fe C c r y s t a l s  from t h e  su r f ace  which cont inue t o  
7 3 
f u n c t i o n  a s  t h e  growth c e n t e r s .  
2.  L i t e r a t u r e  S ~ e c i f i c a l l v  Rela ted  t o  t h e  Present  Research 
There have been publ ished approximately a  dozen a r t i c l e s  relatin!: 
t o  r e sea rch  q u i t e  s i m i l a r  t o  t h a t  t r e a t e d  i n  t h i s  dissertation. It i s  per -  
t i n e n t  t o  examine these  i n v e s t i g a t i o n s  s e p a r a t e l y  and i n  more d e t a i l  t h l i l  
t h e  gene ra l  l i t e r a t u r e  reviewed thus  f a r .  Jean J. T r i l l a t  i s  one o f  tlie 
p ioneers  i n  t h e  use of e l e c t r o n  d i f f r a c t i o n  a s  a  t o o l  i n  the  i n v e s t i g s t i o n  
o f  m e t a l l u r g i c a l  phase t r a n s i t i o n s ,  s o l i d  s t a t e  r e a c t i o n s ,  and su r f ace  
r e a c t i o n s .  As e a r l y  a s  1950 he and h i s  a s s o c i a t e s  were i n v e s t i c a t i n g  the  
CO a t t a c k  on t h i n  i r o n  f i l m s .  Their e f f o r t s  were d i r e c t e d  p r imar i ly  a t  
the  development of t h e  u t i l i t y  of t h e i r  r e sea rch  techniqu-e r a t h e r  t han  
being s p e c i f i c a l l y  aimed a t  complete s o l u t i o n s  of the phys i ca l  problems in -  
ves t iga t ed .  The e a r l y  a r t i c l e s  were s h o r t  and l ack ing  i n  d e t a i l .  The l a t t e r  
s t u d i e s  were ta-ken up by Oketani and h i s  co-workers as  a d i r e c t  r e s u l t  of 
h i s  a s s o c i a t i o n  wi th  T r i l l a t .  'The r e sea rch  e f f o r t  changed under t h e b  
d i r e c t i o n  t o  a s tudy of t h e  carb ide  phases a s  a consequence of CO ca rbv r i -  
za t ion  r a t h e r  than  a  s tudy  of t h e  process  of ca rbu r i z ,~ ; t i on .  
The f i r s t  r e p o r t s  (48,87) descr ibed  t h e  r e s ~ l t s  of  c a r b ~ l r i z i n g  t h i n  
p o l y c r y s t a l l i n e  f i l m s  of i r o n  and mild s t e e l .  The f i lms  were p r e ~ a r e d  by 
thermal ly  evaporat ing t h e  metal  i n  a  vacvwn system and condensing it on 
f r e s h l y  cleaved rock s a l t  ( s i n g l e  c r y s t a l  NaClblocks)  (a t  t h e  temperature of 
the system. The f i lms  were s t r i p p e d  by d isso lv inf ;  the  s a l t  i n  r :a ter ,  and 
the  f i lms  were then  c o l l e c t e d  on n i c k e l  g r i d s .  These specimens werc then  
submit ted t o  cementation i n  a  s epa ra t e  r e a c t o r  and l a t e r  examined by e l e c -  
0 
t r o n  d i f f r a c t i o n .  The r e s u l t s  a t  540 C revealed the  preser?ce of 0?+.~0?--  
hombic Fe C. The carbi.de formation was noted not, t o  o c a : r  a t  lo we^ t<empe,r.a,- 
3 
- .  
t u r e s ,  and higher  temperatures ~ e s u l t e d  i n  g raph i t e  formaf,ion a s  we?.-r 8,; 
0 
cementite.  Above 820 C the  d i f f r a c t i o n  p a t t e r n s  of cemect.ite and %:roc 
were masked by t.he carbon. 0 , r i e l t e d  maganetite ( ~ e  0  5 was o'bserved 50 
3 4, 
form e i t h e r  a s  a  r e s u l t  of the  reac t ior ,  o r  spontaneous.ly or! e x p o s u e  c f  : L., . 
samples t o  a i r .  From the  t e x t  of  t h e  d i scuss io r ,  excessive Fe 0  was pro- 
3 4 
duced i f  f r e s h  CO was c o t  cont i raous ly  suppiied t o  t h e  ~ e a c t o r .  The f l ~ e -  
l i n e  cha rac te r  of the  d i f f r a c t i o n  pat t .erns i n d i c a t e  t h a t  very fir:e and f . ~ r  - 
domly d i s t r t b u t e d  c rys t a f i t e s  of bo! h iror.  and cementit.e formed. 
The next  a r t i c l e  i n  t h i s  group by T r i l l a t  ar,d Oketan: (88) .l;v.ea.ttsci 
t h e  same sub jec t  with t h e  addits ion of a s4;u2iy us ing  @O a ~ . d  ?I mi.x.':.irec 
2 
( e q ~ a l  v o l m e s ) .  The i r o n  f i l m  thickness was s tated.  ,r.o be 500 t o  L ,  000 
a r d  %he r e a c t i o n s  were c a r r i e d  out  f o r  1 f o  3 hours. '2; p;xe C'O tihe o:;..ly 
products  nozed a t  tempe~ab-txres of 350 arLd 4 0 0 ~ ~  were r e  C and Fe 0  "r 
3 3 L '  
0 t h e  H mixt;u:res no oxide was formed. A t  350 C i n  t h e  gas mix 'k~re Pe -' 
2 2 -. 
0 (KSgg-carbide) was observed a s  well as  a t race of Fe C. A t  400 C aftc-r I 
3 
hour of r e a c t i o n  ( i n  the  gas mixture) orbly Fe a ~ d  Te C were det,eeTed; a f ' , e r  
3 
2 t o  3 hours Fe C began t o  appear.  A s  a  r e s u l t  of khese f i ~ d i n g s ,  H was 2 2 
1 "CO'_r determined t o  promote c a ~ b u r i . z a t i o n  an.d Fe C was proposed as a  prec.;,. 
3 
0 
Lo Pe2C. Also, Fe C was s a i d  co decompose t o  Fe C and carbop a t  450 C .  
2 3 
Thei2n next  p~b l i ca - t . i ons  (50,881 coacerr?.ed $he cemerltation, of ;;i:i.gle 
c r y s t a l s  of  Eron. The orily char~ges ir, proced>lre over those p r e v i o ~ s l y  i,=.-.d 
0 were the  heat ing of t,he f r e s h l y  cleaved s .abstrate  t o  600 C: before depos:',i.;.,,.g 
t h e  i r o n  and t h e  anneal ing of t h e  f r e s h l y  s ty ipped flLm i n  H a: ' 7 0 0 ~ 1 .  fo-.. 
2 
0 1 hour. The r e s u l t  of cementing t h e  f i lms  a t  500 C 11-1 an equal  voldme r i t x  - 
t u r e  of CO and H ( t h e  only atmosphere used) f o r  1 hour was the  formation 
2 
of cementite p a r t i c l e s  wi th  an est imated mean dimension of 1 t o  10 p. 
The c r y s t a l  f a c e  of t h e  i r o n  which was exposed was s a l d  t o  be the  (001). 
The Fe C was observed t o  be o r i en ted  such t h a t  Fe C (:-11) I (  Fe (111) and 
3 3 
Fe3? (1211 11 Fe (110) .  The orien.kat ion of the  cemer.+;it.e was s a i d  %o de- 
0 
v i a t e  k 5 around t h e  [lll] of Fe C. On prolonging f h e  react;lon. (2 ov. more 
3 
hours)  the  d i f f r a c t i o n  p a t t e r n s  took on the appearance observed f o r  the 
polycrys t a l l i n e  r e a c t i o c s  . 
From t h e  d i f f r a c t i o n  p a t t e r m  given i n  the  a r t i c l e ,  i t  i s  eviderll; 
from i.ron r e f l e c t i o n  arc ing  t h a t  coritinuous i ron  c r y s t a l s  of n.ear perfect: 
o r i e n t a t i o n  were not  obtained i n  these  experiments; only a hi.ghly o r i en tzd  
f i l m  of many i r o n  c r y s t a l l i t e s .  The d isor ien2at ion  of the cemer~t i te  i s  
f u r t h e r  evidence of the  discontinuiky of the  o r i g i n a l  i.ron f i lm .  
The l a t e s t  a r t i c l e  of i c t e r e s t  by T r i l l a t  (89) showed a s h i f t  of  
emphasis. Elec t ron  microscopy and d i f f r a c t i o n  s t u d i e s  were repor ted  f o r  
t h e  ca rbur i za t ion  of iron, by the  heat  t reatment  of iron-carbon Layers. 
0 
He observed -that up t o  350 C only i.ron and carbon were present  as a resu2t. 
of hea t ing  an i r o n  l a y e r  (200 th t ck )  vapor deposi ted on a l a y e r  of car,boc 
( I00  t h i c k ) .  Above . th i s  temperat.ure a new (u:niden.ti.fied) r i n g  appeared 
0 .  
growing i n  i ~ t e n s i t y  wi th  temperature. Cementite f i r s t  appeared a t  500 C 
0 
and remained v isyble  t o  700 C where it began t o  decompose t o  i.;?on and 
g raph i t e .  
I n  1955 t he  work of  Oketani and Nagakura began t o  appear and con:klu~~ed 
t o  be published through 1961 (90,9i992,93,94)* The p-ublicakion i n  1959 (93) 
by Nagakdra covers t h e i r  work on ??on and i s  a v a i l a b l e  i n  E@.glish. The s .1~3- 
s+,an.ce of t h e i r  work was the  st-udy of  t h e  temperatnre r a rge  of st.akil:l$.y ar.d 
t h e  na ture  o f  t h e  phase t ransformations of i r o n  carb ides .  The samples 
used were p o l y c r y s t a l l i n e  and s i n g l e  c r y s t a l  f i lms  produced by the tech- 
niques developed under T r i l l a t .  However, the  t e m p e ~ a t x r e  of  the rock s a l t  
0 
was he ld  a t  500 C f o r  t h e  epi t .ax ia1  growth of s i n g l e  c r y s t a l s ,  These ftlas 
were report,ed t o  be 200 t o  300 t h i c k ,  and the  p o l y c r y s t a l l i n e  f ~ h s  had 
an est imated mean c r y s t a l l i t e  s i z e  of 50 i. The carbur iz ing  atmosphere was 
carbon monoxide but  t h e  i r o n  f i lms  were oxidized t o  Fe 0 a t  t,emperat*res 
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lower than about 350'~. It was found, however, t h a t  t h e  specimen films 
0 
were carburized without  oxida t ion  even below 350 C i f  they were covex-ed 'Gji  
f ' i ~ e  i r o n  powder. Using khis  technique f o r  t h e  po1ycrystal l in.e  f i lms  the  
carbid.es e, X, and 0 were foucd t o  be formed in t he  temperature i?a:!ges;: 
0 0 0 
below 250 C, from 250 t o  350 C, and above 350 C, r e spec t ive ly .  A t  tempera.- 
0 
bures abo-ire 350 C ,  amorphous carbon was observed along wi th  the  o t h e r  pro- 
d - ~ c t s .  Cementation f o r  s e v e r a l  hours was okserved t o  convert  t h e  f i lms  
completely t o  carbide.  
It was found d i f f i c u l t  t o  form carbides from the  s i n g l e  c r y s t a l  
films. Epsi lon-carbide could 3o-t be produced even after treatme ~t f o r  
0 20 hours. For zemperatures below 250 C ,  o x i d a t i o ~  of the  f i i m  could not, 
0 
be prevented. Above 250 C t h e  X- ar,d 0-carbons formed i n  the  same tempeua- 
ture i n t e r v a l s  a s  before.  E p i t a x i a l  r e l a t i o n s  of the carb ides  t o  the  i r o r  
were not3ed on the  s i n g l e  c r y s t a l s  of liror!. although t h a t  f o r  .the X-,ear'bidlt 
was not  defined. Cementite was determined t o  have e i t h e r  tohe orien.i.at.ion 
r e l a t i o n  Fe C (121) [ l ~ ]  1 1  Fe ( 110) [OOI] o r  Fe C (111) [%I] 1 )  Fe (00,) 
3 3 
[ o ~ o ] .  They pointed out  t h a t  t h e  o r i e n t a t i o n  r e l a t i o n  given by TrilLa: 
a.zd Oketani i s  not  i n t e r n a l l y  cons i s t en t .  
Phase trar,si.t,ions from c ,to x and. from x t;o 8 took p lace  irrevirersi'tsL;\r 
a t  380 t o  4 0 0 0 ~  and a t  about 550°c, r e spec t ive ly .  This occurred i n  t h e  
span of only a  few minutes. Cementite was observed t o  p a r t i a l l y  decompose 
0 
a t  600 C t o  Fe and g r a p h i t i c  carbon. The absence of de tec tab le  carbon re-  
s u l t i n g  from t h e  s t o  x and x t o  0 t r a n s i t i o n s  was s a i d  t o  i n d i c a t e  .the 
l a c k  of an apprec iable  composition d i f f e rence  between t h e  carb ides .  
It was proposed t h a t  f o r  t h e  formation c-carbide imperfections iri 
t he  i r o n  matr ix p lay  an important r o l e  by acce le ra t ing  the  difPusion of 
carbon and forming the  nuc le i  of carbide c r y s t a l s .  This idea was 'based orh 
t h e  r e s i s t a n c e  of t h e  s i n g l e  c r y s t a l s  t o  form e-carbide i n  comparison ,to the  
ease  of i t s  formation on p o l y c r y s t a l l i n e  f i lms  of high f a u l t  density., i . e . ,  
g r a i n  boundaries .  Also, c-carbide c r y s t a l s  were noted t o  be approxima'tely 
t h e  same s i z e  a s  t h e  o r i g i n a l  i r o n  g r a i n s ,  suggesting a  one f o r  one re1atio:- 
with no r e c r y s t a l l i z a t i o n .  The X- and @-carbides ,  on the  o the r  hand, formed 
on both  types of  i r o n  f i l m s  and r e s u l t e d  i n  c r y s t a l s  much l a r g e r  than  .the 
i r o n  g r a i n s  i n  the  p o l y c r y s t a l l i n e  specimens. The n u c l e i  were s a i d  t o  form 
on the  sur face  of t h e  i r o n  and grow gradual ly .  Thus, it  was proposed t h a t  
t h e  imperfect ions i n  the  i r o n  l a t k i c e  do not play an e s s e n t i a l  r o l e  i r z  X- 
and 8-carkide forma,t;ion. These s tatements  were made without t h e  a i d  of 
micrographic i nformation. The charac ter  of the  i r o n  r e f  1ecti .ons i n  the  
d i f f r a c t i o n  p a t t e r n s  given i n  t h e i r  work does no t  suggest t h a t  t h e  f i lms  were 
continuous i r o n  monocrystals of near ly  p e r f e c t  o r i e n t a t i o n ,  but  f i lms  of 
h igh ly  o r i e n t e d  i r o n  c r y s t a l l i ' t e s .  
The chemical p repa ra t ion  of s t a b l e  i r o n  carb ides  has met with s-uccess 
i n  on ly  a  few s p e c i a l  cases .  Hermann Schenck, e t  a l .  (95) i.n t h e i r  inves t?-  --
ga t ions  of  t h e  time and temperature s t a b i l i t y  r e l a t i o n s  of the i r o n  carbi.des 
u t i l i z e d  t h e  method of high vacu-an vapor depos i t ion  f o r  prepaying samples 
which can be s tudied  i n  t h e  e l e c t r o n  microscope. They s t a t e d  t h a t  h igh  
vacuum deposi t ion  i s  t h e  only method f o r  production of t h i n  f o i l s  under 
va r i ed  but  con t ro l l ed  condi t ions .  I n  t h i s  work Schenck repor ted  how re-  
producible l a y e r s  of Fe and C can be made by successive depos i t ions  on a  
s u i t a b l e  s u b s t r a t e .  He ou t l ined  the  procedure f o r  heat  treatments t o  ob- 
t a i n  t h e  t h i n  carb ide  l a y e r s  of i n t e r e s t .  The evaporat ion of i r o n  and 
carbon were made a f t e r  t h e  system had been evacuated t o  a  p r e s s m e  of 
8 x lo-' t o r r .  The t o t a l  sample thickness was l imi t ed  t o  1,000 f f o r  b e s t  
e l e c t r o n  transmission.  The thickness was monitored by a  pho toe lec t r i c  
device.  The heat t reatment  of the  samples was e f fec ted  immediately fo1,ow- 
ing depos i t ion  i n  a  s p e c i a l  device i n s i d e  t h e  evacuated chamber. 
On 215 f carbon f o i l s  which covered a  pe r fo ra ted  screen (microscope 
g r i d ) ,  500 /i of Fe was deposi ted,  Ind iv idua l  specimens were hea t - t r ea ted  
0 
a t  200 t o  900 C f o r  t imes ranging from s e v e r a l  seconds t o  10 hours. Cemen- 
t i t e  and Hggg carbide were i d e n t i f i e d .  I n  one e l e c t r o n  d l f f r ac tograph  of 
0 
a  specimen heated above 750 C ,  us ing  a  heated specimen holder ,  t h e  decom- 
p o s i t i o n  o f  cementite w a s  observed. 
I n  order  t o  make an  inves t iga t ion  wi th  limit,ed amounts of C, pieces  
of MaCl were used a s  condensing and hea t ing  surfaces .  Using a  r a t i o  of 
600 A of Fe t o  130 H of C ,  s p e c i a l  a t ten+>ion was given t o  the  c o ~ v e r s i o n  
of Uggg carbide  i n t o  cementice. I n  successive experiments t h e  distinction 
o f  t h e  s t r u c t u r e s  was made on t h e  b a s i s  of l a t t i c e  spacings.  From t h e  
e leczron micrographs he s t a t e d  t h a t  it was obvious the  t ransformation of 
HSgg carbide  i n t o  cementite proceeded by decomposition of Fe 
2oC9 and- 
simultaneous formation of Fe C. 
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It was a l s o  observed t h a t  t h e  formation of carbides could be a f f e c t e d  
by  t h e  manner i n  which t h e  i r o n  f i l m  was condensed. Af t e r  deposlt . ion of 
0 
Fe on f r e s h l y  cleaved NaCl c r y s t a l  a t  400 C ,  a two-fold o r i e n t a t i c ~ i  of  Fe 
t o  s a l t  occurred.  A s t rong  l a t t i c e  d i so rde r  of t h e  Fe ma,!:rix r e s u l t e d  
from t h i s  o r i e n t a t i o n .  A f t e r  carbon was evaporated on such an Pe f o i l ,  
hexagonal s -carb ide  was found followi.ng h e a t  t reatment  between 180 and 
280'~. The h igh  degree of d i so rde r  of t h e  Fe l a t t i c e ,  they  s t a t e d ,  seemed 
t o  promote d i f f u s i o n  of C and increased  r e a c t i o n  r a t e s .  According t o  She 
e l e c t r o n  micrographs, a-Fe c a r r i e d  i t s  p a r t i c l e  form and s i z e  i n t o  s -carb ide .  
A t  lower temperatures  t h e  €-carbide was s p e c i f i c a l l y  o r i e n t e d  r e l a t i v e  t o  
t he  i r o n  l a t t i c e .  The s -carb ide  transformed i n t o  cementi te  through an  
in t e rmed ia t e  KGgg ca rb ide  s t a g e .  The ranges found f o r  t h e  exi.stence of 
t h e  ca rb ides  a r e  g iven  i n  t h e  Time-Temperature diagram of  F igu re  4. 
The ques t ion  i n  view of t h e  above summary of  t h e  l i t e r a t u r e  i s  whether 
o r  no t  t h e  g e n e r a l  phenomenon of  CO a t t a c k  i s  complex enough t o  cons ider  a s  
l e g i t i m a t e ,  a l l  t h e  s u p e r f i c i a l l y  con t r ad ic to ry  f ind ings .  A c l o s e r  look  a t  
the  work of  t h e s e  i n v e s t i g a t o r s  r e v e a l s  t he  mer i t  o f  t h e i r  observa t ions  
and p o s t u l a t e s  and j u s t i f i e s  the assumption t h a t  a complex problem e x i s t s  
i n  s tudying t h e  carbon monoxide r e a c t i o n  and i t s  e f f e c t  on the  i r o n  bea r ing  
phase. 
It should be ev ident  t h a t  i n  o rde r  t o  f u l l y  understand t h e  pher:.omena 
involved, a sys temat ic  approach s tar t4i :?g wi th  the  s imples t  system p o s s i b l e  
and des igning  i n  s t e p  by s t e p  t h e  complicat ions involved i s  n.ecessary t o  
understanding t h e  r e a l  problems confronted i n  practice. Only by so doing 
can a b a s i s  be formulated f o r  sys temat ic  comparisons and ex tens ions  of the  
work on  t h e  o v e r a l l  problem. The p re sen t  work i s  t h e  most b a s i c  approach 
t o  da t e  and can se rve  a s  t h e  nucleus f o r  t h e  development of planned r e sea rch  

on t h e  t o t a l  problem. 
The next s e c t i o n  w i l l  contain a  desc r ip t ion  of prel iminary work 
performed i n  t h e  development of t h e  techniques and experimental background 
u l t i m a t e l y  used i n  t h i s  research  program. 
E. Background Inves t iga t ion  
The substance of t h i s  t h e s i s  r ep resen t s  not only the  informa'tion 
obtained i n  t h i s  work but a l s o  t h e  c a p a b i l i t y  f o r  determining much more 
b a s i c  knowledge by use of t h e  equipment and techniques developed. A whole 
v i s t a  i s  opened f o r  the  s tudy of  t h e  e a r l y  s t ages  o f  s o l i d  phase product 
formation r e s u l t i n g  from cata lyzed heterogeneous r eac t ion .  The development 
of  t h e  r e sea rch  program was, of course, a  skep-wise process,  and it i s  
i n s t r u c t i v e  t o  examine here t h e  impl ica t ions  of t h e  f i r s t  experiments 
c a r r i e d  o u t .  
P r i o r  t o  the  present  work a t  t h i s  i n s t i t u t i o n ,  Cox (57) performed 
a  s e r i e s  of prel iminary experiments on CO decomposition on t h i n  vapor de-. 
0 
pos i t ed  f i lms  of i ron .  H i s  work was confined t o  r eac t ions  a t  1,200 F 
followed by e l e c t r o n  microscopic examinatlions. Since t h i s  was not  t h e  
major sub jec t  of h i s  t h e s i s ,  t h e  experiments were of an i .ntroductory na tu re ,  
Consequently, i t  was decided t o  expand t h i s  work t o  inc lude  more temperaLures 
and t o  look a t  f i lms  of coba l t ,  chromium, and n i c k e l  a s  w e l l  a s  i ron .  The 
m e t a l 4 0  system corresponding t o  a  s i n g l e  s t a i n l e s s  s t e e l  const i tuent  being 
perhaps most respons ib le  f o r  metal dus t ing  s u s c e p t i b i l i t y  and o f f e r i n g  in-  
t e r e s t i n g  and s tud iab le  c h a r a c t e r i s t i c s  was sought. The success fu l  per -  
formance of s imi la r  research  by T r i l l a t  and Oketani (48,49,50) and. analogo-us 
inves t iga t ions  on t h e  oxidat ion  of t h i n  copper s ing le  c r y s t a l s  by Marc-us and 
Brochay. (96) helped j u s t i f y  the  t h i n  f i l m  approach. 12; allows the  use of 
the  powerful techniques of t ransmission e l e c t r o n  microscopy and d : i f f r ac t ion ,  
Deta i led  r e p o r t s  of the  work done on t h e  t h i n  f i lms  of  N i ,  Cr, Co, 
and Fe have been presented i n  papers gi.ven a t  two of the  :regi.onal me;;,kir.gs 
of the  National  Associa t ion  of Corrosion Engineers (97998")a I n  view of 
t h i s  and s ince  t h e  work repor ted  i n  t h i s  t h e s i s  makes use of" these  r e s u l t s  
on ly  a s  a  guide f o r  more p rec i se  programming r a t h e r  khan using them f o r  .the 
foundation of t h e s i s  conclusions,  only  a  b r i e f  summary i s  considered pe rh i -  
nent here.  
The p o l y c r y s t a l l i n e  ( c r y s t a l  s i z e  of the  order  of 0.01 .to 0 .1  p mea,-,. 
diameter by 500 t o  1,000 t h i c k )  were prepared by vapor deposit5.0::. on:Lo 
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amorphous s u b s t r a t e s  i n  a  vac.uum system a t  1 x 10  tor::. Tne evaporator  
source was s t randed W wire. The geometry f o r  evaporat ion placed r;he so'u*L"ce 
beneath t h e  s u b s t r a t e  a t  a  d is tance  of approximately 4 inches.  The s 5 b - .  
s t r a t e s  were previous ly  prepared by vapor depos i t ing  a l aye r  of SiO on 
parlodl.on. f i l m  covered e l ec t ron  microscope g r i d s  (3  rnrn dfameter, 200 mesh, 
copper screens) .  The p u r i t i e s  of t h e  source metals  were 99.7 per  ce2 t  f o r  
N i  and Fe and unspeci f ied  (reagent  grade ma te r i a l s )  f o r  Co and C r .  Thir,!:y- 
f i v e  specimens were prepared per  evaporation..' Severa l  .were reseraed  of  
t h i s  n.umber f o r  unreacted s tandards ,  and t h e  o t h e r s  were r eac ted  I n  mult5- 
p l e  specimen runs a t  various temperatures f o r  d i f f e r e n t  durat ions.  !!'he 
specjmens had t o  be exposed b r i e f l y  t o  a i r  upon removal from the  evaporat~or,  
Consequently, s torage  i n  a  desi .ccator  was t h e  only means of contaminat,ion 
con t ro l .  The samples were a l l  r eac ted  wi th in  48 hours of  t h e i r  deposi-tie?. 
and r e s t o r e d  i n  t h e  des i cca to r .  Ana1ysi.s normally followed wi.thfn 24 h 0 . w ~  
a f t e r  r e a c t i o n  using a P h i l l i p s  200 e l e c t r o n  microscope with an  80 KV 
a c c e l e r a t i n g  p o t e n t i a l  f o r  both micrographs and s e l e c t e d  a rea  d l f f r a c f i o n .  
The samples were r e a c t e d  i n  t he  appara tus  i l l a s k r a t e d  i n  Figures  5 
a r d  6.  The l a b o r a t o r y  furnace  and temperature c o n t r o l l e r  incorpora ted  i n f o  
t h i s  system was p rev ious ly  descr ibed  by Cox (57). Chemical-y p-cre carbog 
monoxide o r  argon was suppl ied  from cornmerciab cy l inde r s  and was metered 
a t  approximately 0 .5  c f h  through t h e  1 - inch  I D  qua r t z  r e a c t o r  tube. Exhauct 
gases  were expe l l ed  i n t o  a  hood e i t h e r  through an o i l  t r a p  bubbling s f a t i o n  
o r  through a  mechanical vacuum pump. The g e n e r a l  procedure f o r  a r e a c t i o n  
run was t o  purge t h e  system repea ted ly  wlCh argon using t h e  mechanical 
vacuum pump f o r  suceess ive  evacuat,ions afid t hen  t o  hea t  t h e  system t o  reae-  
Lion -temperature under a  vacuum. The 20 was then  admit ted t o  t h e  r e a c t i o n  
chamber. The te rmlca t ion  of  a  run was c a r r i e d  out  by evacuat ing the system 
and removing the  furnace  t o  f r e e z e  the r e a c t i o n  f o r  f f n a l  a r a l y s i s .  
I n  t h e  case  of ~ i c k e l ,  a n  unreac ted  f i l m  was taken  d i r e c t l y  from 
the vacuum evaporator  and examined i n  t h e  e l e c t r o n  microscope. The f i l m  
d isp layed  a  uniform g r a i n  s i z e  and gave an e l e c t r o n  d i f f r a c t i o n  p a t t e r n  
f o r  pure n i c k e l .  There were no e x t r a  d i f f r a c t i o n  r i n g s  o r  s p o t s .  Thi 
same sample was then  r e a c t e d  f o r  1 hour a t  6 4 9 ' ~  ( 1 , 2 0 0 ~ ~ ) .  A s p e c i f i c  
account was kept  of t h i s  sample and i t s  a n a l y s i s .  
The temperatures  used i n  these  experimetits were i n  t h e  more reac5,ve 
range o f  meta l  dus t ing  and fol lowed t h e  precedents  s e t  by Seagraves (99) 
and Cox (57). Ten runs  were made on N i  f i i m s  a t  t h e  t h r e e  temperazures,  
5 9 4 ' ~  ( ~ , 1 0 0 O ~ ) ,  6 4 9 ' ~  ( 1 , 2 0 0 O ~ ) ,  a ~ d  7 6 0 ~ ~  ( ~ , ~ - c o o ~ E ' )  f o r  d w a t i o ~ s  of 2 
t o  60 minutes.  The d i f f r a c t i o n  p a t t e r ~ s  f o r  a l l  r-us ind ica t ed  g r a p h i t e  
t o  be t h e  o ~ l y  r e a c t i o n  product which formed. This was noted dnder a l i  
fhe condi t ions  used. 
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Figure 6. Schematic Diagram of the Reactor System for Exposing 
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MANOMETER MECHANICAL VACUUM PUMP 
Combining the  information contained i n  t h e  micrographs and t h e i r  
corresponding selectied area  d i f f r a c t i o n  pa t t e rns  (noted a s  SAC patmt3&ns 
hencefor th) ,  carbon formation appeared t o  clust .er  on se lec ted  grai.r..s. 
Likely f i lament  formations were a l s o  noted i n  a  few ins tances  and a p p e a ~ e d  
'GO 'be a,LS,ached t.0 s p e c i f i c  gra ins .  Nickel,  i.t was noted, .+,ends t.o agglo-, 
merate on the  s u b s t r a t e  surface and i.r, some ins tances  t o  form regu:Lar 
pat,t ,erns. 'Thf s  impli.ed a  preference i n  crys ta l lographic  or:enta.tion fo:r 
%he c r y s t a L i . t e s  of n ickel .  The agglomerai5ion of f i lms  of t h i s  t;hick.ess 
i s  n0.t an uncommon e f f e c t .  Agg1omeraZ:fon i s  an undesirable phenomerra f o r  
t h i s  type of invest:igaC,ion s ince  t h e  crys taUographic  feat.ures of gra i . r  
bou:q.daries, d i s loca t ions ,  e t c . ,  disappear o r  a r e  masked by the  process.  
Goccurrently, G.:renga (100) a t  the  Univer.s.:.ty of Virglinia was reac-Li.ng 
expi.t:axial'iy grown s i n g l e  c r y s t a l  thin.  f i lms  of n icke l  wLth C O .  The general  
procedure f o r  prepara t ion  of n i c k e l  sin.gle crys.bals by Grenga was t h e  vapor 
deposi t ion of n i c k e l  onto heated rock s a l t  i n  a  -vacuum system w i t h  the  s.iib.- 
sequent removal by water s t r ippfng .  The f i lms were then d r i ed  and s t c r e d  
i n  a d e s i c c a t o r .  Before exposing the f'ilms to CO they were annealed i . ~  
hydrogen i n  t h e  r eac to r .  Her resu1t.s showed t h a t  the  c a t a l y t i c  ac5t;ivi:ty 
of n icke l  var ied  from one major plane f a c e  t o  another .  The order  of de- 
creas ing a c t i v i t y  was (I=) > (110) > (1.00). Gmphite was t h e  reac. t ion pro-  
duct forming a t  surface  s t eps  on t h e  (Ul) and (:~XO) f aces .  Only on .the 
(001) face  d id  she not ice  a  carb'ide t o  form, This phase was rro-t ider:ti.fi.abie 
a s  0n.e of  the  well-known carbides  and was suspected t o  decompose t o  g ive  
graphi . te .  A poss ib le  correla'kion e x i s t e d  between t h e  g raph i t e   deposit,^ acd 
di.sloca.t;ions i~ the  f i l m .  
D i f f i c u l t y  was encou.n.t-ered i n  preparing chromium f i lms  of good e lec -  
t r o n  op . t i ca l  qua l i ty .  Experimen.t,a.T runs were made, however, r e a c t i n g  C r  
films a t  6 4 9 ' ~  f o r  1, 3, 6 ,  and 10 minutes. The micrographs eon.+..ained 
very li t .F,le comprehendible informaZion regard5.c.g t h e  reac. t ion.  The eiec-,  
t r o n  d i . f f r ac t ion  p a t t e r n s  showed t h e  chromium t o  r ap id ly  u~de. rgo  carbur iza-  
Lion, However, i n  a  preoxidized c o n d i t i o : ~  t h e  chromium was fiot s'il'b ject; to 
carbur iza t fon .  A f t e r  1 hour at; 64g0@, coba l t  remained .umeac t ive  . Based 
on t h i s  r e s u l t ,  experiments on coba l t  were .terminated. 
I r o n  was s tudied  i n  consi.derable detai..L and t,he r e s u l t s  were in t e r . -  
e s t i n g .  P r i o r  t o  t h e  experimental work, a l l  t he  r e a c t i o n s  devisable  betweer 
CO, C02, C, and Fe were checked f o r  thermodynamic f e a s i b i l i t y .  This t r e a t -  
ment i s  presented i n  Appendix A .  The study was made i n  o rde r  t o  c l a ~ i f y  
.the , thinking on poss ib le  r e a c t i o n  phenomena t,aking p lace .  
One of  the  f r e s h l y  deposi ted i r o n  f i lms  was examined i n  t h e  e l e c t r o n  
microscope i.mrnediately upon i t s  removal from the  vacuum evaporator .  l ike 
micros t ruc ture  of t h i s  specimen i s  shown in. Figure 7 a1on.g wi th  the  cor-:v:es- 
pon.ding S A 3  p a t t e r n .  The r i n g s  observable i n  t h i s  p i c t u r e  a r e  cha rac te r i s -  
tic of iron only. However,, there are s o m e  very f a i . n t  r i n g s  present; which 
d i d  not  show up i n  the  p r i n t ,  correspondl:r;.g t o  F'e 0 Groups of the  o t h e r  
3 4' 
Fe f i lms  were r eac ted  i n  a  t o . t a l  of  t e n  runs a t  t he  followi.ng temperat,.ures 
and times: 5 9 4 ' ~  - 60, 10,  and 4 minutes; 649 '~  - 60, 20, 10 ,  4 ,  and 2 
minu.Les; 7 0 5 ' ~  - 16 and 2 minutes. I n  a l i  cases an Fe 0 p a t t e r n  was pre-  
3 4 
sen t  mixed i.n with t h e  o ther -  product p a t t e r n s .  The quant iky  of Fe 0 was 
3 4 
observed t o  inc rease  wi th  r e a c t i o n  t ime.  The charac ter  of  t h e  p a t t e ~ n  i n -  
d i ca ted  t h e  presence of an exceedingly f ine-gra ined oxide mater:i.al which 
probably cotiered t h e  e n t i r e  specimen. The small  amount of oxide obse'rved 
on t h e  unreacted standard i r o n  f i l m  i.s no t  an uncommon occurrence, and 
mi; 
s i m i l a r  e f f e c t s  have been found by Schenck (95) .  It appears  t h a t  a  pure 
i r o n  f:lm i s  immediately oxid ized  upon exposure t o  a i r .  This  r e s u l t s  ;- 
a  t h i n  f i l m  of Fe 0  p e r c e p t i b l e  only w i t h  e l e c t r o n  d i f f r a c t i o n .  
3 4 
I n  t h e  s h o r t e r  runs the  products  of t he  r e a c t i o n  appeared t o  be car -  
b i d e s  wi th  g r a p h i t e  appearing only  a f t e r  1 hour of r e a c t i o n .  The carb ide  
r e f l e c t i o n s  were absent  when g r a p h i t e  r e f l e c t i o n s  were observed. F igure  8 
0 
shows t h e  d i f f r a c t i o n  p a t t e r n  of a  sample r eac t ed  f o r  2  minutes a t  705 C 
and a  specimen r e a c t e d  f o r  1 hour a t  649'~. The d i f f r a c t i o n  p a t t e r n  shows 
t h a t  the i r o n  o f  t h e  f i r s t  specimen i s  be ing  deple ted  a s  t h e  oxide (char -  
a c t e r i z e d  by t h e  new r i n g s )  and ca rb ide  ( cha rac t e r i zed  by the  r e f l e c t i o n  
s p o t s )  form. The p a t t e r n  of the second specimen i s  t y p i c a l  of  the  1 h o w  
runs  a t  higher  temperatures .  Here t h e  oxide r i n g s  a r e  v i s i b l e  w i t h  t h e  
g r a p h i t e  r e f l e c t i o n s  j u s t  p e r c e p t i b l e  i n  t he  negat ive .  The l e f t  frame of 
F igure  9 i s  a  SAD p a t t e r n  of a sample r e a c t e d  f o r  1 hour a t  594O~.  The 
major r e f l e c t i o n  of g r a p h i t e ,  (002) ,  appears a s  t h e  b r i g h t  center-most r i n g ,  
Accompanying the  SAD p a t t e r n  i s  a  micrograph of t h e  sample. I t  i s  ev ident  
t h a t  t h e  o r i g i n a l  meta l  mat r ix  has been destroyed and rep laced  w ~ t h  a dfs-  
o r l a n t e d  mass of r e a c t i o n  products .  The l e f t  frame i n  F igu re  10  shows a  
0 
micrograph of  a  sample r e a c t e d  f o r  2 minutes a t  649 C.  A d e f i n i t e  morphology 
i s  observed f o r  t h e  r e l a t i v e l y  l a r g e  c r y s t a l l l c e  product .  The SAD p a t t e r c  
on t h e  r i g h t  was taken of a  s i m i l a r  area of a  sample r eac t ed  i n  t h e  same rur., 
The r e l a t i v e l y  smal l  number of  r e f l e c t i o n  spo t s  a h t e s t s  t o  t h e  l a r g e  cry-  
s t a l l i t e  s i z e  of the carb ide .  I t  was not poss ib l e  t o  determine whether 
more t h a n  one type of i r o n  ca rb ide  was p r e s e n t .  The d i f f i c u l t y  may be a t t r i -  
buted to  t he  s i m i l a r i t i e s  of t h e  d i f f e r e n t  carb ide  p a t t e r n s  and t o  t h e  l a c k  
of r e so lvab le  r i n g  r e f l e c t i o n s  which would have allowed t h e  comparison of  
. , 
Fix 
T I  u 
c 0 
0 P- 
s i -  
H 
!% 
k O  
0 o n  
0 +J 
m m s  
2 -l .? 





ri.n.g i :n t ens i t i e s  and accura te  diameter measurements. On the o t h e r  hand, 
a  s ing le  c r y s t a l  p a t t e r n  from an ind iv idua l  product pa r t i . c l e  could have 
been used t o  de f ine  the  product i f  such had been ava i l ab le .  
In Figure 11 products formed after- 20 minutes of r e a c t i o n  a t  649'~ 
a re  shown a t  low and high magnif icat ions.  This product; appears t o  'be a  
decomposed vers ion  of a  c r y s t a l  of the  type  i l l u s t r a t e d  f o r  the  product, 
a f t e r  2 minutes of r e a c t i o n .  The conf igura t ion  of these  depos i t s  suggest 
t h a t  they may be the  nuc le i  f o r  t h e  f i lament  formations referenced in. t h e  
meta l  dus t ing  l i t e r a t u r e .  
Small r egu la r  c r y s t a l s  of carbide were found f o r  shor t  reaction.s on 
i r o n  a t  a l l  t h e  temperatures inves t iga ted .  F igure  12  shows two micrographs 
pi .cturing the  r e l a t i v e  placement of t h e  product c r y s t a l s  with r e spec t  t o  
the  l a r g e  grai.ns of i ron .  'The g r a i n  s i z e  increase  r e s u l t e d  from g r a i n  
0 
growth during t h e  time requi red  t o  atat;ain thermal equil ibr ium a t  705 C 
( r e a c t i o n  time was 2 minutes f o r  t h i s  r u n ) ,  
The degree of r eac t ion  i n  the  temperature range used was determined 
t o  be too  g r e a t  f o r  a  good morphological s tudy of the  s o l i d  phase proauct 
development. It was observed a f t e r  4 minutes of r e a c t i o n  t h a t  the  metal 
matr ix  had been cons-umed. Therefore, no r e l a t i o n s h i p  could be found between 
t h e  product and parent  c r y s t a l s .  Even a f t e r  2 minutes t h e  c r y s t a l l i n e  pro- 
duct was so l a r g e  with r e spec t  t o  the  metal g ra ins  t h a t  l i t t l e  information 
could be obta ined  concerning t h e  l o c a t i o n  of nuclea t ion  and t h e  c r y s t a l l o -  
graphic r e l a t i o n s h i p s  between t h e  product and metal g r a i n s .  Spec i f i c  cry-  
s t a l s  and g r a i n  boundaries were obsewed t o  be more suscep' t ible  t o  a t t a c k .  
However, t he  phenomena could not  be thoroughly inves t iga ted  due t o  t h e  me ta l ' s  
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abnormally h igh  degree of i n t e r n a l  l a t t i c e  o rde r .  As a  r e s u l t ,  t h e  reac-  
t l o n s  were unduly inf luenced  by g r a i n  boundary phenomena i n  comparison 
w i t h  bulk metal .  A g r e a t e r  d e n s i t y  of p r e c i p i t a t e  c r y s t a l s  on f ~ o n  crysLai  
f a c e s  ad jacent  t o  g r a i n  boundaries  was noted t o  some e x t e n t ,  This  e f f e c t  
may have implied a  r e a c t i o n  r e l a t i o n s h i p  wi th  d i s l o c a t i o n s  which a r e  known 
t o  p i l e  up a g a i n s t  g r a i n  boundaries .  
As a  r e s u l t  o f  t h i s  work, t h e  l i t e r a t u r e  survey on the  iron-C0 i n t e r -  
act i on  and the  recerit  succes s fu l  r e a c t i o n  s t u d i e s  wi th  e p i t a x i c l y  grown 
meta l  f i l m s ,  i t  was decided t o  b u i l d  a  system f o r  t h e  reproducib le  produc- 
t i o n  of i r o n  s i n g l e  c r y s t a l s .  The system was a l s o  t o  have t h e  capab i l  l t y  
of ifA s f t u  r e a c t i o n  of t h e  f r e s h l y  formed f i l m s .  A s tudy was proposed f o r  -- 
t h e  i n v e s t i g a t i o n  of t h e  product nuc lea t ion  s i t e s ,  p r e c i p i t a t e  morphology, 
c r y s t a l  a n a l y s i s ,  and t h e  o r i e n t a t i o n  r e l a t i o n s h i p  of t h e  s o l i d  phase pre-  
c i p i t a t e  t o  t he  parent  metal .  Due t o  t h e  g r e a t  a f f i n i t y  of i r o n  f o r  oxyger~,  
an  u l t r a  h igh  vacuum system f o r  evaporat ion and i n  s i t u  r e a c t i o n  was manda- -- 
t o r y .  Beaction a t  low p res su re  was thought necessary t o  slow the  r e a c t i o n  
r a t e  a l iowing products  t o  form of s u b s t a n t i a l  s i z e  without des t ruct ion  of 
t he  d e l i c a r e  meta l  f i l m .  I n  o rde r  t o  c a r r y  out  t h i s  program, equipmerLt arid 
techniques had t o  be  developed. Although t h i s  work i s  no t  t h e  f i r s t ,  repor  
of  s i n g l e  c r y s t a l  i r o n  f i l m  formation,  t he  process  i s  s t i l l  a s  much an a r t  
a s  a  sc ience  and techniques vary from system t o  system. The fo l lowing  sec-  
t i o n  w f l l  review t h e  t echno log ica l  background f o r  growing s i n g l e  c r y s t a l  
films . 
F.  Thin Fi lm Technology 
During t h e  p a s t  Len t o  f i f t e e n  y e a r s ,  t h e  e f f o r t s  t o  produce mia i a tu re  
e,ectronic  components have generated a  g r e a t  d e a l  of  r e sea rch  on t h i n  f f h  
p r o p e r t i e s  and the t h e o r i e s  r e l a t i n g  t o  f i l m  formation.  Vacvum vaporiza-  
&ion  and subsequent condensation on s u i t a b l e  s u b s t r a t e s  i s  t h e  method of 
t h i n  meta l  f i l m  product ion which has rece ived  the  ma jo r i t y  of  t h e  a t t e n t i o G ,  
Seve ra l  e x c e l l e n t  review a r t i c l e s  (101,102,103,104) and books (105,106,107, 
108,109) on t h e  s t a t e  of t h e  sc ience  a r e  a v a i l a b l e .  The most notable s t u d i e s  
on t h e  e p i t a x i c  growth o f  meta l  s i n g l e  c r y s t a l  f i l m s  have been r epor t ed  s i n c e  
1960. The more important parameters e f f e c t i n g  the  e p i t a x i c  phenomena have 
been e s t a b l i s h e d ,  bu t  a s  y e t  no s e t  o f  r u l e s  have been def ined  t o  ensure 
e p i t a x i a l  growth i n  every a t tempt .  Epi taxy  a s  o r i g i n a l l y  def ined  by Royer 
r e f e r s  t o  t h e  o r i e n t e d  growth of one substance on t h e  c r y s t a l  su r f ace  of 
another  ( 10  3) . 
The 1967 volume of Physics  of Thin Films conta ins  an e x c e l l e n t  review 
o f  the p re sen t  knowledge o f  evaporated s i n g l e  c r y s t a l  f i l m s  by J. W. 
Matthews (104) .  This t e x t  i s  a complete, conc i se ly  w r i t t e n  report ,  and 
obv ia t e s  such a  thorough t rea tment  he re .  Only a summary of some of t he  
more important i deas  from t h i s  review and o t h e r s  w i l l  be presented .  The 
parameters  a f f e c t i n g  ep i t axy  a r e  s u b s t r a t e  c h a r a c t e r ,  temperature,  deposi-  
t i o n  r a t e ,  r e s i d u a l  gas  p re s su re ,  and evaporant source (102,104,110), acd 
each w i l l  be  b r i e f l y  d iscussed  i n  t h e  fo l lowing  s e c t i o n .  
Fi lm formation on a  s u b s t r a t e  su r f ace  by vacuum evaporat ion gene ra l ly  
occurs  by t h e  gene ra t ion  of n u c l e i  and t h e i r  three-dimensional  growth. %'he 
process  passes  through a  s t a g e  of coalescence on p e r i p h e r a l  con tac t ,  sub- 
sequent channel  formation,  and c losu re  r e s u l t i n g  i n  a  continuous f i l m  ( 1 0 3 , 1 0 4 ) ~  
The th i ckness  of  t h e  f i l m  a s  it becomes a  ho le - f r ee  l a y e r  i s  dependent on the  
m a t e r i a l s  involved,  s u b s t r a t e  temperature,  t he  contamination p re sen t  ( s u r -  
f a c e  energy cons ide ra t ions ) ,  and depos i t i on  r a t e  (104,110).  From t h e  very 
r a t u r e  of t h e  c l o s u r e  process ,  t h e  f i l m s  formed con ta in  d i s l o c a t i o n s ,  
double-pos i t ion ing  boundaries ,  s t ack ing  f a u l t s ,  and twins .  These a r e  
+,ypical l a t t i w  d e f e c t s  c r ea t ed  by t h e  accommodation of r o t a t i o n  and d i s -  
placement m i s f i t s  o f  coa lesc ing  neighbors and accommodation betweec over - 
growth and s u b s t r a t e  (103,104). The occurrence o f  each d e f e c t  type i s  
c h a r a c t e r i s t i c  of  t h e  meta l  being depos i ted  and r e s u l t s  i n  a  sample d i f f e y -  
i n g  s i g n i f i c a n t l y  from t h e  bulk  on ly  i n  su r f ace  t o  volume r a t i o  and d e f e c t  
d e n s i t y  (111). The in f luence  of t h e  s u b s t r a t e  i s  t o  gene ra t e  e p i t a x y  i f  
t h e  temperature of t h e  s u b s t r a t e  i s  s u f f i c i e n t  t o  a f f o r d  mob i l i t y  t o  the  
depos i t i ng  m a t e r i a l  a l lowing atomic o rde r ing  t o  occur  (112). Lt, has  been 
we11 e s t a b l i s h e d  t h a t  l a t t i c e  misf i t ,  between t h e  overgrowth and t h e  s u b s t r a s e  
i s  no t  t h e  primary f a c t o r  determining t h e  e p i t a x i a l  r e l a t i o n  (103) .  It has 
been proposed t h a t  t h e  tendency i s  toward p re se rva t ion  o f  t h e  normal co-ordi-  
na t ion  of t h e  atoms a t  t h e  i n t e r f a c e  (112) .  I f  t h e  l a t t i c e m i s f i t  i s  very 
l a r g e  (20 per  cent  t o  30 per  cen t )  incomplete o r  no o r i e n t a t i o n  r e l a t i o n  to  
t h e  s u b s t r a t e  i s  l i k e l y  (112). S u b s t r a t e  imperfec t ions  such a s  t h e  monatomic 
s t e p  have been p red ic t ed  t o  enhance t h e  nuc lea t ion  r a t e  of f i l m s .  Macro- 
scopic  su r f ace  d e f e c t s  should a l s o  enhance f i l m  formation i f  the d e f e c t  i n -  
c r eases  the  a r e a  of  t h e  subs t ra te -condensa te  i n t e r f a c e  f o r  t h e  c r i t i c a l  
n u c l e i  (110) .  The presence of a  l a y e r  of  adsorbed impur i t i e s  has s e v e r a l  
e f f e c t s  on the  nuc lea t ion  r a t e  o f  a  f i lm .  Impur i t i e s  g e n e r a l l y  decrease 
t h e  b inding  energy o f  t h e  vacuum depos i ted  spec i e s  and, t h e r e f o r e ,  decrease  
t h e  a c t i v a t i o n  ene rg i e s  f o r  bo th  desorp t ion  and su r f ace  d i f f u s i o n .  The 
former e f f e c t  decreases  t h e  f i l m  nuc lea t ion  r a t e  and t h e  l a t t e r  enhances 
T ( 1 0  Of course,  t h e  su r f ace  ~ u c l e a t i o n  s i t e s  may a l s o  be "poisoned" 
uy i m p u ~ i t y  adsorption which r e s u l t s  i n  a decrease i n  t h e  lormation r a t e  (110). 
The charac te r  of  t h e  ind iv idua l  meta l -subs t ra te  system w i l l  determine whe h e r  
good epi taxy i s  achieved i n  the  presence of  contamination. Contamination has 
been observed both t o  hinder and promote epi taxy i n  d i f f e r e n t  ins tances  (104, 
113) 0 
The e f f e c t  of higher s u b s t r a t e  temperature i s  t o  a f fo rd  surface 
mobi l i ty  t o  condensing metal a'toms t o  f a c i l i t a t e  formation of an ordered 
atomic a r r a y  (112). I n  the  major i ty  o f  systems it has been found t h a t  pre-  
ference  f o r  a  s p e c i f i c  nucleus o r i e n t a t i o n  increases  wi th  s u b s t r a t e  tempera- 
.t;ure. Thus, higher subs t ra t e  temperatures screen out  l e s s  desi.rably or iented; ,  
nuc le i  and promote the  formation of  a  s i n g l y  o r i en ted  f i h .  However, high 
temperatures tend t o  d e t e r  the  formation of a  continuous f i l m  by aglomerating 
+"he deposi t .  
The proper deposi t ion  r a t e  i s  a l s o  dependent on confl i .ct ing phenomena. 
Epitaxy of  growth nuc le i  i s  favored by a slow r a t e  which allows time f o r  ur,- 
hampered order ing  of  t h e  newly a r r i v i n g  atoms (102,104,110). On the  o the r  
hand, a  r a p i d  deposi t ion  of ma te r i a l  i s  o f t e n  necessary f o r  t h e  formation 
of a  cont;inuous f i l m  (102). An increase  of deposi t ion  r a t e  i s  a l s o  known 
t o  increase  t h e  number of n u c l e i  formed per  u n i t  a rea  (104). This allows 
the  f a s t e r  growing, p r e f e r e n t i a l l y  o r i en ted  nuc le i  t o  predominate a t  an 
e a r l y  s t age  of deposi t ion.  Reor ienta t ion  and e a r l y  coalescence can occur 
before  t h e i r  mass has become p roh ib i t ive  (103,104). These processes thus  
promote s i n g l y  continuous f i lms .  
The presence of  gas molecules i n  the  deposi t ion  system w i l l  ob- 
vi.ously e f f e c t  the  s t r u c t u r e  of t h e  c r y s t a l  f i l m  t o  some extent  (103,104). 
Adsorbed gas i n  quan t i ty  may r e a c t  wi th  the  deposi t .  Reaction of gas 
molecules wikh t h e  depos i t  atoms i n  t r a ~ s i t  from the  vapor source t o  t h e  
s u b s t r a t e  may a l s o  occur  (103) .  Adsorbed l a y e r s  a l s o  tend t;o s h i e l d  the  
depos i t  m a t e r i a l  from the  a t t r a c t i v e  f o r c e s  of t h e  s u b s t r a t e  and the reby  
d i s t u r b  t h e  normal e p i t a x i c  processes  (110) .  It has been observed i n  
nimel-ous in s t ances  t h a t  the  e p i t a x i c  temperature (min.irnm temperature r e -  
s u l t i n g  i n  ep i t axy  f o r  t h e  system involved)  i s  lowered by improving the  
vacuum and by c leaving  the  s u b s t r a t e  i n  t he  depos i t i on  chamber (104,113). 
Recent i n v e s t i g a t i o n s  have shown d i f f e r e n c e s  i n  t h e  growth n u c l e i  genera ted  
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i n  uLt ra  h igh  vacuum (10 t o  10 - lo  t o r r )  on a i r  c leaved versus vacuum 
cleaved NaC1. !The e f f e c t  on n u c l e i  o r i e n t a t i o n  was s l i g h t  b u t  t h e r e  was 
a  very s i g n i f i c a n t  change i n  n u c l e i  d e n s i t y .  The d e n s i t y  of n u c l e i  was 
found t o  be g r e a t e r  f o r  a i r  contaminated s u b s t r a t e s  (104). The d e n s i t y  of 
l a t t i c e  imperfec t ions  i n  evaporated f i l m s  has been observed t o  be  reduced 
by improving the  vacuum and by using f r e s h l y  formed s u b s t r a t e  su r f aces  (104).  
The evaporant source must a l s o  'be c a r e f u l l y  considered a s  a  contami- 
n a t i o n  source dur ing  evapora t ion ;  o therwise ,  t h e  q u a l i t y  of  the  vacu-urn 
p r i o r  t o  depos i t i on  i s  of  l i t t l e  consequence (102). 
Pignocco and P e l l i s s i e r  (114) have exposed a tomica l ly  c l e a n  i ron.  sar- 
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f a c e s  t o  55 x 10  t o r r - s e c  of oxygen and subsequent ly annealed them a t  
550'~. Low-energy e l e c t r o n  d i f f r a c t i o n  techniques showed t h a t  FeO formed 
orr t h e  su r f ace .  It i s  apparent  t h a t  numerous d i f f i c u l t i e s  a r i s e  when dea l -  
i n g  wit,h h igh ly  r e a c t i v e  m a t e r i a l s .  
G .  Review of Thin I r o n  S ing le  C r y s t a l  P repa ra t ions  
One of t he  major t a s k s  of t h i s  r e s e a r c h  was t h e  development of tech-  
niques f o r  t h e  reproducib le  formation of high q u a l i t y  t h i n  s i n g l e  c r y s t a l  
i r o n  f i l m s  f o r  w e l l  def ined  r e a c t i o n  s t u d i e s .  It i s ,  t h e r e f o r e ,  p e r t i n e n t  
t o  review t h e  a t tempts  r epo r t ed  i n  t he  l i t e r a t u r e  t o  make such c r y s t a l s .  
It i s  apparent  t h a t  continuous f i l m s  of  near  p e r f e c t  o r i e n t a t i o n  
a r e  d i f f i c u l t  t o  form. I n v e s t i g a t o r s  p r i o r  t o  1960 (112,115,116,117) found 
t h a t  above t h e  e p i t a x i c  temperature more than one three-dimensional  o r i e n -  
t a t i o n  of  t h e  depos i ted  i r o n  u s u a l l y  occurred .  A t  th icknesses  of approxi- 
mately 1,000 t o  1,200 i, p r a c t i c a l l y  continuous f i l m s  were formed f o r  which 
t h e  d e n s i t y  was c l o s e  t o  t h a t  f o r  bu lk  i r o n .  The e p i t a x i c  temperatures  r e -  
po r t ed  f o r  i r o n  l a y  i n  t he  range 440 t o  5 4 0 ' ~  wi th  a v a r i e t y  of  a l k a l i  h a l i d e s  
s u b s t r a t e s  (sodium ch lo r ide ,  potassium c h l o r i d e ,  potassium bromide, and 
potassium i o d i d e ) .  The p re s su re  range f o r  t h e  r epo r t ed  experiments was of 
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t h e  o r d e r  of  t o  10 t o r r .  The s u b s t r a t e s  g e n e r a l l y  were cube f aces  
cleaved i n  a i r  o r  occas iona l ly  pol i shed  su r f aces  which were thermal ly  etched 
p r i o r  t o  depos i t i on .  The r a t e s  o f  deposf t ion  w e r e  o f  the o r d e r  of  5C per 
second. 
The o r i e n t a t i o n s  r epo r t ed  of t h e  i r o n  mat r ix  w i th  r e s p e c t  t o  t h e  
exposed (001) rock s a l t  s u b s t r a t e  su r f aces  were a s  fol lows:  
a )  Fe (001) [ loo]  11 NaCl (001) [loo]; 
b)  Fe (001) [110] 1 1  NaCl (001) [ loo];  
C )  Fe (111) [112] ) (  NaCl (001) LEO]; and, 
d )  Fe (210) 1 1  NaCl (001) , 
w i t h  f o u r  equiva len t  o r i e n t a t i o n s  i n  which [112] type d i r e c t i o n s  l i e  a long 
NaCl [100]. The a )  and b)  type  r e l a t i o n s  were most common and g e n e r a l l y  
mixed. For f i l m s  grown on (110) rock  s a l t ,  two o r i e n t a t i o n s  were observed: 
a )  Fe (110) [ o o ~ ]  1 1  NaCl (110) [001], and 
b )  Fe (111) [ i l o ]  ( 1  NaCl (110) [001]. 
On (111) rock s a l t  su r f aces  t he  fo l lowing  o r i e n t a t i o n s  have been observed: 
a )  Fe (110) [001] 11 NaCl (111) [i10];  
b )  Fe (111) [ i l o ]  1 1  NaCl (111) [i10] ; and, 
c )  Fe (111) [211] 1 1  NaCl (111) [ i lo ] .  
Co l l i n s  and Heavens (110) pointed o u t  t h a t  when e p i t a x i a l  growth occurs  on 
a  monocrystal s u b s t r a t e ,  t h e  o r i e n t a t i o n  p r imar i ly  observed i s  governed by 
a  tendency to  cont inue t h e  s u b s t r a t e  s t r u c t u r e  ac ros s  t h e  boundary. This 
r e s u l t s  i n  t h e  normal co-ord ina t ion  of t h e  atoms ac ros s  t h e  i n t e r f a c e .  
They s t a t e d  t h a t  l a t t i c e  m i s f i t  i s  of l e s s  importance than  the  co-ord ina t ion  
cond i t i on ,  which i s  i n  agreement w i t h  t h e  proposals  based on most o t h e r  
s t u d i e s  of ep i t axy .  
I n  1962, Belser  and Woolf (118) r epo r t ed  on ex tens ive  s t u d i e s  of 
gene ra l  ep i t axy .  They found t h a t  i r o n  s i n g l e  c r y s t a l s  while  prepared 
r e a d i l y  on MgO, were not  grown on t h e  cube-face of NaCl. However, s t r i p p i n g  
t h e  f i l m  from the  M 0  s u b s t r a t e  f o r  t ransmiss ion  e l e c t r o n  microscopic exam:- !z 
n a t i o n  i s  a  problem. 
Sakata and Funaki (111) prepared continuous f i l m s  o f  i r o n  monocrystal 
on cube cleavage f a c e s  of NaC1, al though they  r epor t ed  t h a t  t h e i r  r e s u l t s  
were d i f f i c u l t  t o  reproduce. Their  method f o r  producing an  i r o n  vapor con- 
s i s t e d  of  t h e  e l e c t r o n  bombardment of e l e c t r o l y t i c  i r o n .  The source t o  
subs t , ra te  d i s t a n c e  was 10 rnrn and t h e  vacuum p r i o r  t o  depos i t i on  was about 
2  x  t o r r .  The cleavage of t h e  NaCl s i n g l e  c r y s t a l s  was c a r r i e d  o u t  
i n  a i r ,  From the  d i f f r a c t i o n  p a t t e r n s ,  t hey  observed the  na tu re  of t h e  
o r i e n t a t i o n  of t h e  f i l m  t o  change from place  t o  p lace  on a  s i n g l e  sample. 
The f i l m  was found t o  be monocrystal l ine i n  some a r e a s ,  a  mixture of  two 
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o r i e n t a t i o n s  i n  o t h e r s  ( t h e  second o r i e n t a t i o n  being 45 t o  t h e  f i ~ s t . ) ,  and 
polycrys ta l l ine  i n  o the rs  having yet  a  high o r i e n t a t i o n  preference. Anomal- 
ous spots  were noted i n  all the d i f f r a c t i o n  pa t t e rns  published. One s e t  
was located  " a t  a  pos i t ion  hal f  of {200]. " The others  consisted of "four 
d i f f r a c t i o n  spots  around spots  {110]." They r e l a t e d  the  former type t o  
d i s loca t ions ;  the  l a t t e r  were undefined. It i s  important t o  note t h a t  they 
observed the  l a t t e r  spots  qu i t e  s t rongly  with the  f i l m  incl ined about a  
< 200 > robatlon ax i s .  Spots analogous t o  a l l  these  a re  discussed and dp- 
f ined  i n  Chapter 111 of t h i s  d i s s e r t a t i o n .  The micrographs published i n  
t h e i r  r epor t  show continuous f i lms with high dens i t i e s  of d is locat ions  and 
sub-bomdaries a s  wel l  a s  undefinable con t ras t  e f f e c t s  of  t h e  order of 0.01 p 
across .  The NaCl was removed from the  films by sublimation chosen t o  prevent 
oxidation.  They concluded t h a t  the  evaporated f i l m  i s  " s t r u c t u r a l l y  analogous 
to the  t h i n  f i l m  of i ron  formed through the e l e c t r o l y t i c  pol ishing method," 
and should be u s e f u l  t o  fundamental research of i ron  and s t e e l .  
I n  1963~ Heavens (119), a s  p a r t  of a  genera l  paper on the propert ie5 
of ferromagnetic mater ia ls ,  repor ted  renewed e f f o r t s  t o  produce a s ing le -  
pos i t ion  o r i e n t a t i o n  of  iron f i l m s  on rock s a l t .  The diffraction pattern 
r e p r o d x e d  i n  t h e  t e x t  indicated the attempts were successful .  Polished 
and zhermally etched (100) and (110) faces  of NaCl were used. The s ~ b s t r a t e s  
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were held a t  a  temperature of 325 C during the  evaporation of i ron.  An 
evaporation r a t e  of 800 per minute was used and t h e  vacuum i s  assumed t o  
have been of the order of t o r r .  Heavens reported t h a t  well-oriented 
(111) f i lms  may be grown a t  t h i s  temperature on the (110) face  of NaC1. 
Cahoreau and G i l l e t  (120) have grown (001) or iented  f i lms of i ron  of 
good q d a l i t y  on (001) surfaces of  gold f i lms.  !The d e t a i l s  of t h e i r  proce- 
dure were not repor ted .  This technique i s  of no g rea t  i n t e r e s t  t o  t h i s  s tudy 
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s ince  e i t h e r  the  removal of the  gold i n  KCN o r  the  superpos i t ion  of d i f -  
fr.ac%ion p a t t e r n s  from the  combination f o i l ,  i .ntroduces i n t o l e r a b l e  comp2.i- 
.:ations t o  ana lys i s .  
In. 1965, Shinozaki and Sato (121) published an i n t e r e s t i n g  r e p o r t  
r extens ive  s t u d i e s  of the  phenomena a f f e 6 t i n g  t h e  e p i t a x i c  growth of 
i r o n  on rock s a l t .  This work was done i n  an e f f o r t  t o  develop a reproduci-  
uLe method of preparing samples f o r  magnetic domain s t u d i e s  i n  the  e l e c t .  on 
microscope. A systematic  s tudy was made of appropr i a t e  e p i t a x i c  condit ions 
f o r  depos i t ing  i r o n  on " i n  a i r , "  cleavage f aces  of NaCl i n  a  conventional  
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vacuum system (capable of vacuums of the  order  of  1 0  t o r r ) .  A depos i t ion  
r a t e  of 50 t o  100 1 per minute (using a heated alumina c r u c i b l e  f o r  evapor- 
a t i n g  the  i r o n )  was found t o  be  b e s t  f o r  producing f i lms  up t o  1,000 f~ 
th ickness .  They found s t a t i s t i c a l l y  t h a t  s u b s t r a t e  baking a t  5 0 0 ~ ~  f o r  
30 minutes and subsequently e s t a b l i s h i n g  a s u b s t r a t e  temperature of 4 0 0 ' ~  
r e su lked  i n  the  b e s t  depos i t s .  I n  gene ra l ,  they  found t h a t  ep i t axy  was 
very s e n s i t i v e  t o  minor d i f f e rences  i n  t h e  evaporat ion condit ions but was 
not very s e n s i t i v e  t o  minor d i f f e rences  i n  the subst ra tes  produced i n  
cleaving.  !The r e s u l t s ,  however, g e n e r a e y  showed some mixing of two or ien-  
t a t l o n s  a s  we l l  a s  f a i n t  superpos i t ions  of polycry-stal l ine r i n g s  i n  the  ab- 
sence of  t h e  fol lowing s u b s t r a t e  treatment.  
They discovered t h a t  good s i n g l e  c r y s t a l  f i lms  could be produced 
c o n s i s t e n t l y  i f  t h e  s u b s t r a t e s  were s l i g h t l y  contaminated. Before making 
t h e  i r o n  depos i t ion ,  t h e  s u b s t r a t e s  were exposed t o  a  vapor (presumed t o  be 
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pr imar i ly  H 0 )  r a i s i n g  t h e  vacuum system pressure  momentarily t o  1 x 10 2 
t o r r .  The evaporat ion was then begun a few seconds a f t e r  t h i s  peak p ressa re  
had been a t t a i n e d .  A mechanistic explanat ion o f  t h i s  phenomenon was cot gFven. 
Matthews (122) descr ibed  a  technique f o r  prepar ing  s i n g l e  c r y s t a l  
f i l m s  of  ir0.r- on c i ean  sodium ch lo r ide  subst;ra.tes.  I n  h i s  paper he COF-. 
f i rmed the  growth of p o l y c r y s t a l l i n e  i r o n  f i l m s  on c l ean  s a l t  (vac-ium 
cleaved)  ir x l t z a - h i g h  vacuum by convent.iona1 tech- iques  . He went, on t o  
s ay  Lhat exposul-e of  t h e  subs t rake  t o  a i r  at, 1 atm has e s s e n t i a l i y  t h e  same 
e f f e c t  a s  t h e  contamination used by Shinozaki  and Sa to ,  St- dies t o  cha rac t e r -  
i z e  the r o l e  played by t h e  contaminants i nd ica t ed  t h a t  the  e f f e c t s  of a i r  
expos~:e were: (1) t o  inc rease  t h e  number of growth n u c l e i  genera ted  per  
urLi t  a r e a ,  and (2)  t o  i nc rease  t h e  f r acS ion  of t h e  s u b s t r a t e  su r f ace  covered 
by t h e  i ~ o a .  The phenomena, he r epo r t ed ,  a r e  s i m i l a r  t o  Lhose observed f o r  
go ld  epikaxy. Therefore,  good i r o n  f i lms  should be proctuced by a  technique 
analogous t o  t h e  one he developed (123) f o r  growing s i n g l e  c r y s t a l  go ld  
f i l m s .  Tn essence ,  t h i s  r e q u i r e s  a  r a p i d  i n i t i a l  depos i t i on  of meta l  t o  
gene ra t e  a  high d e n s i t y  of growth n u c l e i  on t h e  s u b s t r a t e  su r f ace .  This  i s  
fol lowed by slow depos i t i on  al lowing rea l igrment  and anneal ing t o  accompany 
f i h  growC,h, ?"ne depos i t i on  i s  continued urltiL ernlough m a t e r i a l  has been 
deposi. ted t o  form a conti.rtuo.us f i l m .  y ~ e  details of  the technique are 
impor,tank and a r e  reprodi~ced  a s  fo l lows .  He s t a t e d :  
A sodium c h l o r i d e  c r y s t a l  (o f  o p t i c a l  q u a l i t y  from Xarshaw Chemicai 
company) was hea ted  i n  u l t r a - , h igh  .vacuum (10-9 t o r r )  and cleaved 
t o  expose a  f r e s h d  unco~tamina . ted  (001) s.urface. S h o r t l y  t.5er.e- 
a f t e r  roughly 20 A of  i r o n  was depos i ted  onto t h i s  su r f ace  by  
vaporiz.i.ng a  99.9 per  cent  i r o n  wire  pos i t i oned  0 .6  cm from t h e  
su r f ace .  The r a t e  of me-La1 depos i t i on  dur ing  t;@s process  i s  
not  a c c u r a t e l y  known b u t  probably exceeded 1,000 A/sec. The r a p i d  
deposi. t ion wa; fol lowed,  about one minute & a t e r ,  by depos i t i on  of  
500 ;~.,o L,000 A of i r o n  a t  approximately 2 A/sec. Slow depos i t i on  
was achi2ved by subl imat ion  of  an  i r o n  wire  h e l i x .  The p re s su re  i n  
t h e  chamber dur ing  r a p i d  f i l m  growth was about lov6  t o r r :  dur ing  
slow growth i t  was l e s s  than  5 x tor : r .  The ternpera,t.ure of  t<he 
s u b s t r a t e  was 410'~. 
A !ransrnlssion e l e c t r o n  d i f f r a c t i o n  p a t t e r n  reproduced ir ,  Matthews 
paper showed t h e  film was a high q u a l i t y  s ing le  c r y s t a l  wi th  (001) p a r a l l e l  
t o  the  plane of the  f o i l .  
::n 1966, Heavens (124) again reported on s tud ies  o f  the e p i t a x i a l  
growth of  i:ron s i n g l e  c r y s t a l s  on a number of a l k a l i  ha l ides .  By choice of 
a  s u i t a b l e  subs t ra t e ,  deposi t ion temperature, and r a t e  of deposi.tion he 
found it possi.ble t o  grow f i lms  of  i ron  i n  s ing le  o r i e n t a t i o n .  Potas:;i.um 
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chlor ide  o r  potassium iodide were found t o  be p a r t i c u l a r l y  s u i t a b l e  a t  330 C 
using a deposi t ion  r a t e  of t h e  order  of 300 per  minute. Sodium chlori.de 
was u s e f u l  wi th  r a t e s  i n  excess of 300 per  minute. He pointed ou t  t h e  
e r r o r s  reported i n  previous measurements of the ep i t ax ic  tempera twe and 
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mai.ntained t h i s  temperature t o  be c lose  .to 320 C f o r  a i r  cleaved surfaces  
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and c lose  t o  260 C f o r  i n  s i t u  vacwilrn cleavages. -- 
I n  1966 Tagawa, Ino,  and Ogawa (125) s tudied  t h e  epi taxy of i ron  on 
NaCl cube f a c e s  t o  d-etermine the  e f f e c t  of vacuwn cleavage of  the  N a C l  sub- 
s t r a t e .  The deposi t ion  r a t e  was repor ted  a s  3 t o  10 per  second and was 
c a r r i e d  out  a t  a pressure  of I t o  5 x t o r r .  They repor ted  t h a t  s i n g l e  
0 c r y s t a l s  o f  iron were very d i f f i c u l t  t o  form a t  temperatures up t o  500 C. 
Very l i t t l e  di.fference was observed between t h e  r e s u l t s  from both  types of 
s u b s t r a t e  prepara t ions .  Three o r i e n t a t i o n s  of i r o n  were observed on the  
(001) NaCl f aces  with t h e  fol lowing two being most common and mixed: 
a )  Fe (001) [loo] ) (  NaCl (001) [110], a ~ d  
b)  Fe (001) [loo] 1 )  NaCl (001) [loo]. 
It should be  noted i n  r e f l e c t i n g  on the r e s u l t s  presented i n  these  
a r t i c l e s  t h a t  only one presented electron.  micrographs of t h e  i r o n  films 
produced. Therefore,, a  good c r i t i c a l  judgment; of the  q u a l i t y  of t h e  crystal_s 
repor ted  i n  t h e  o t h e r  a r t i c l e s  was not poss ib le .  The e lec t ron  micrograph i s  
a more s e n s i t i v e  b a s i s  on which t o  judge the  u l t imate  q u a l i t y  of an ep i -  
t a x i a l l y  grown f i l m  than t h e  e l ec t ron  d i f f r a c t i o n  p a t t e r n .  Both types of 
information a r e  requi red  f o r  a  r igorous ana lys i s  (1 ,2 ,3 ) .  A good p a t t e r n  
may be obtained from a  f i l m  made up of f i n e  g r a i n s  which a re  s l i g h t l y  
misoriented with respect  t o  each o the r .  The f a i l u r e  of e l e c t r o n  diffractiorA 
t o  de tec t  t h i s  f i l m  c h a r a c t e r i s t i c  i s  p a r t l y  due t o  the  normal r e s o l u t i o n  
obtained i n  photographing the  d i f f r a c t i o n  p a t t e r n .  I n  add i t ion ,  the  shape 
of d i f f r a c t i n g  c r y s t a l s  influences the  s i z e  and shape o f  the  r e c i p r o c a l  
l a t t i c e  r e f l e c t i o n s  and, thereby introduces a n a l y t i c a l  u n c e r t a i n t i e s  (1 ,2 ,3) .  
The d i f f i c u l t y  i n  obta in ing s ing le  c r y s t a l s  of good q u a l i t y  a s  opposed t o  
producing f i lms of we l l  o r i en ted  c r y s t a l l i t e s  w i l l  be discussed again i n  
Chapter 111. 
CHAPTER 1.T' 
APPAFUITUS AND EXPEBIMENTAL TECKNIQUES 
A. Apparatus 
From the  l i t e r a t u r e  and t he  preliminary s tudies  of metal f i lms 
reacted i n  carbon monoxide, i t  was apparent t ha t  an ul t ra-high vacum 
system i n  which iron s ing le  c ry s t a l  films could be made and reacted won'd 
be required t o  obtain necessary information f o r  a b e t t e r  understanding of 
the metal dusting phenomena. The growth and react ion of t h i n  i ron s ingle  
c ry s t a l s  was chosen f o r  t h i s  research program t o  allow the  use of the  
e lec t ron  microscope fo r  high magnification transmission examination and 
f o r  e lect ron d i f f r ac t i on  crystal lographic analysis .  Ultra-high pu r i t y  i ron 
wire and t he  cleanest  carbon monoxide commercially avai lable  were used f o r  
the  s tudies  i n  order t ha t  a s  fundamental an approach a s  pract icable  might 
be maintained. The analyses of the  i ron and CO a r e  presented i n  Appendix C. 
1. Design Requirements 
As demonstrated i n  Chapter I, i ron  i s  extremely reac t ive  with oxygen 
even a t  very low p a r t i a l  pressures. It was, therefore ,  a necessary c r i t e r -  
ion t h a t  t he  i r on  s ing le  c ry s t a l s  be prepared i n  a vacuum of the order of 
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the  10 t o r r  t o  low 10'~ t o r r  scales .  From the  l i t e r a t u r e ,  pressures of 
t h i s  order should prevent t he  formation of oxide compounds on the  i ron 
surface.  
The basic vacuum system selected t o  give the  vacums required on a 
rout ine  'basis was t he  Ultek TNB system. The pr inc ip le  of pumping combines 
cold-cathode ion pumping with t i t a ~ i u m  ge t t e r  pumping. The titanium ge t t e r  
pimpirig i.s achieved by r e s i s t  ence-heating a titanium f ilsment t o  sublime 
tu itani:m onto the  waU.s of a s t a in l e s s  s t e e l  well  a t  room temperakure, A t  
the  s z f a c e  of the  f r e sh  fi lm, the  act ive gases combine chemically with the 
titanium t o  form s tab le  compounds. Some of the  more important gases which 
a re  pumped a re  nitrogen, oxygen, hydrogen, water vapor, carbon dioxide, 
and carbon monoxide. The cold-cathode ion pmp provides pumping act ion You. 
both get terable  and non-getterable gases. The pumping speed f o r  a i r  of ;;he 
ion  pump section of the equipment was ra ted  a t  50 l i ters/second whiie t h e  
pumping speed of t he  t i tanium sublimation system was ra ted  a t  3,600 iiJ;ers/ 
second. 
Figure 13 shows an overa l l  view of the  apparatus assembled f o r  de- 
veLoping the  techniques used fo r  growing the iron s ingle  c rys t a l  f i lms,  
This apparatus was sl ightly modified l a t e r  according t o  p rocedxa l  develop- 
ments f o r  making s ingle  c rys ta l s  a n d  for zhe i n  s i t u  react ion of the f reshly -- 
grown fi lms. The key to  the  component designation system used i n  Figures 
- 3  through L.7 of the  apparat-JS i s  presented i n  Table 2. 
The basic vacmun system vessel consisted of" a s t a in l e s s  s t e e l  we3.l 
mounted on three  bracket type f e e t .  The s t a in l e s s  s t e e l  weli  was f i t t e d  
wi%h a 16" O,D, - 11" I.D. baseplate on which was momted a 12" x 12'' Pyrex 
be1lja.r. A few inches below the basepiate 10 feedthrough ports of the  metal- 
Lo-metal s ea l  type were mounted 36' apar t  -En the w e l l  waU. The axes of 
the port  nipples were normal t.o the  axis of t he  well. Nine of the  ports  
were supplied with blank flanges. The tenth supported t he  fore l ine  pumping 
manifold. The fore l ine  manifold was equipped with a thermocouple pressure 
gage element, a 1-inch system-isolation valve, a fayel ine t r ap ,  and a gas 





Table 2. Tabulation of t h e  Apparatus Components 
I l l u s t r a t e d  i n  Figures 13 Through 17 
1, Vac.uum System Well (housing the ion and titanium sublimation pumps) 
2. 12" x 12" Pyrex Be l l j a r  and Guard 
3. Electronic Pump Power U f i i t  - Ultek Model 60-656 
4. Filament Power Supply - Ul tek  Model 60-300 
5. Backfil l ing Gas Manifold 
6, Ion pump Power Connection 
7. Thermocouple Vacuum Gauge - Hasti.ngs Model VT-6 
8. Ion Pump External  Magnet 
9. Fan ( f o r  cooling wel l  wall) 
LO. Potentiometer - Leeds and NorL:hr.up Model 8691 
11. 5 cfm Mechanical Pump - Welch Model 1405 (motor shown) 
12. 1 5  c f m  Mechanical Pump - Welch Model i402 (not; shown) 
Transformer - Hevl-Duty Type Sl. (110 V, 20 A ,  t o  220 V, 10 A) 
Power Feedthrough f o r  t i t a ~  ium sublimation pump 
Rotary Motion Feedthrough - Ultek Model 8~ -324 ( m b s t r a t e  heater  suppoy-l) 
Substrate Heater 
Titanium Vapor Shie.Ld 
Eiokary Motion Feedthrough ( shu t te r  supporp) 
Shutter  
Electrode and High Current Feedthrough - Ultek Model 80-354 
Electrode and High Current Feedthrough (common pole) 
Table 2.  Tabulat ion of t h e  Apparatus Components 
1 : l l u s t r a t e d  i n  F igu res  13 Through 17 
( cont,in:ued) 
Syst,em Up-To-,Air Valve - Hoke Type 440 
System Zsolat- ion Valve - I inch ,  r i g h t  angle  va lve  - Ultek  Model 40-131 
Element, f o r  %el-mocouple P re s su re  Gauge - Hastings Model DV-6~ 
F o r e l i n e  !Trap - U l t e k  Model 50-005 
Hose .t;o Roughing Pump 
Octal Conductor Feedthrough Port: - Ultek  Feedthrough; ModeL 80-333 
Subs tya te  Heater CxrrenS; Leads 
Subs t ~ a t e  Heater ESec.trode Terminai 
Thermoco~~cple Wire 
Subss ra t e  C a r r i e r  Block ( p o s i t i o n  of  copper b lock  thermocouple, a 
ba re  sample s u b s t r a t e ,  and t h e  a u x i l i a r y  
s u b s t r a t e  with an overgrown f i lm shown i n  
F igure  15) 
Exposed Titanium Subl.imator Elec t rodes  
Ewackek (s.upporti.ng t h e  i r o n - c o n s t a ~ t a n  .thermocouple) 
Iron-Constantan Thermocoup1.e ( f o r  reading  t h e  f i l m  tempe.rat;.ure of  
t h e  a u x i l i a r y  s u b s t r a t e )  
Thermoco.uple Guide Wire 
Radiant  Heater  Element - 1 i.nch carbon clo. th  ri'bbon 
I r o n  Sub 2ima.t i.on Filament; 
Heat Sh ie ld  f o r  overhead rradiant h e a t e r  
Support Rod ( t h e  ends r e s t  on l i p  of 'base p l a t e  i n s i d e  t h e  b e ~ l , j a r )  
Cylinder  o f  Argon ( f o r  l e a k  d e t e c t i ~ r ~ )  
CyXi nder  of  Nitrogen 
(cont inued)  
Table 2. Tabulation of t h e  Apparatus Components 
I l l u s t r a t  ed i n  Figures 13 Through 17 
(continued) 
42. Cylinder of  High Purity CO 
43. Cold Trap S t a t i o n  (surge vesse l )  
44. Leak Valve - Granvil le  -Ph i l l ips  va r iab le  leak 
4.5. Variable Wansformer f o r  t h e  subs t ra te  heater  c i r c u i t  - Standard 
E l e c t r i c a l  Products Type 1500B 
4.6. I c e  Bath f o r  thermocouple cold junction 
47. V b l t  Meter f o r  subs t ra te  heater  c i r c u i t  - Marion E l e c t r i c  Model H - 5 3  
48. Double-Throw Knife Switch ( f o r  potent iome ter-thermocouple c i r c u i t s )  
i n l e t  ualve. A s p e c i a l  manifold was f a b r i c a t e d  and i n s t a l l e d  on the  ai? 
s i d e  o f  t h e  g a s - i n l e t  valve in. order  .to i.ncorporate t h e  op,tion of back- 
f i l l i n g  of the  system wi th  more .than one gas. The manLfold was equipped 
wi.t.h a mechanical vac-uinm gage t o  f a c i l i t a t e  backf i . l l ing  regula5i.on and wi:i;h 
a 5 cfm mechanical pump t o  allow .vacu.m purging. Pre-pwi.fi .ed grade n i t rogez  
was se lec ted  as  t h e  normal b a c k f i l l i n g  medt~m t o  minimize contamination of^ 
.the system wi th  mater ia ls  d i f f i c u l t  t o  pump. Porepumping of  the  vacuum 
chamber was done wi th  a 15  cfm, two-stage meehacical pump. 
Through the  waUs of the  lower sec t ion  of t h e  s t a i n l e s s  s.Leelwel:i 
were i n s e r t e d  the  ion pump and the  e lec t rodes  c a r ~ y i . n g  the  Z,i:Lanium f o ~  
sublimation.. Two fans  were a l s o  a t tached t o  the  lower secti.on of the wel:~ 
f o r  t h e  p u ~ p o s e  of cooling t h e  wa l l s  d u r i ~ g  Ti  subli.ma~Lior, and conde~saBion.  
Power t o  the  pmps was supplied 'by an 'LJl.tek powe:r .ur, i . t ,  Model 60-655. 
The i.ns-trumenta.tion f o r  the  ion  pump power supply was used t,o indicate vacwm 
by c o r r e l a t i q  the  current  drawri by the  cold-ca,t;hode discharge wi th  khe 
sys,t,em pressure .  !The su'blimator por t ion  of t h e  power s.upply had a f i l a -  
ment cu r ren t  meter and va r i ab le  transformer f o r  accura te  power s e t t i n g s .  
A va r i ab le  cycle t imer  permi't'ted proper. choice of on-to,-off t.i.me f o r  f i l a - ,  
men5 conserva t 3 . o ~ .  The only u t t l i t y  requi:r emen't f o r  t'he e n t i r e  sysZ:em was 
a 2 5  Ti, 60 cycle,  s i n g l e  phase e l e c t r i c a l .  powe:r s.inppl.y wi.f,h a 20 A capacr tg.. 
The experiments performed i n  the  'IlIB system were car.ri.ed out  i.n, the 
'upper powti.on of the  vacuum chamber above a b a f f l e  preventing T i  corhami- 
:n.ation. The geometry i .s i . i l -ustrated i n  .the equipment p lan  views of F'i.gures 
i4 and 15. I n  Figure 14  t h e  b a f f l e  i s  v i s i b l e  below the  experimen2.al appara-. 
t-4s while i.n F ' i g ~ r e  15 t h e  system i s  pick-med wi.th the  b a f f l e  yemoved and 
? h e  subi.imator e l e c t ~ o d e s  and w e l i  bottom showing. One of  t h e  most impo.r.ta:c:i: 
. f e ~ t , . , ~ r e s  of  t h e  Boosti'vrac p r inc ip le  ( ~ l . t e k  ' s design.a.t ion  f o r  the  p1mping 
pr-in.ci.ple) i.s tha.t the  backstreamtng of pump o i l s  f o r  conventional vacuum 
systems has been by-passed. Thi.s fea- ture  i.s eonsidered c r i t i c a l  t o  t h e  
productior, of s i n g l e  c r y s t a l  f i lms and c a t a l y s t  : invest igat ions.  Prepumping 
of t.he system with t h e  mechanical pump was ,required 'before t h e  Boos+;iiiac 
opera t ion  co-uld be s t a r t e d .  3ti.s procedure could a f fo rd  an opportun.i.'ty f o r  
pmp o i I  backstreaming contamination. To preven.t such an occurrence, an 
Ui tek  t r a p  was placed i n  the  f o r e l i n e  t o  ?:he syst;em. -The t ,rap contained a 
cha:rge of Linle  1 3 X  Molecular Si.eve. Ult,ek Tec.hnical Report D 1144 descr ibes  
a s5udy of the r e s i d u a l  gases by mass spectromebry during forep.umpli.ng wf:Lh 
and wi.thou't a fore l l .ne  t r a p .  The r e s u l t s  ind ica te  backstreaming of hydro- 
car'b0n.s -from mechanical pump o i l s  t o  be v i r t u a l l y  el iminated by the t r a p .  
The apparatiis b u i l t  i.rlto a vacuum system f o r  the  producti.orL of 
s k l g l e  c r y s t a l  f i l m s  i .s  f a i r l y  complicated. A s  discussed i n  Chapter I, a 
s ing le  cl-yst!al, s u b s t r a t e  ( i n ,  t h i s  case rock s a l t )  must be heated t o  a pre-  
s c ~ i b e d  temperature before  the  deposi t  mat;erial i s  condensed on i t .  Also, 
m-dl.+.:l.ple vaporations may 'be r eqa i red  a s  i .ndicated by Matthews (:LZZ) f OY 
some deposi t  mater ia ls .  ?'he present  sys tern was bui.1.t t o  f a c i l i t a t e  rnul.tsi-. 
p l e  evaporations onto a heated subs t ra t e .  The components to be dfscussed 
i n  t h e  fol;LowT;.t.:g desc r ip t ion  of t h e  apparatus have been n-mbered i n  Fig ' i l~es 
1.3 'Lhrough 17 ar,d a key t o  t h e i r  ident,i.t.y i s  presented. i n  Tab.le 2. 
For makirig t h e  unobstmcted evapo:ca.kions requ2red i n  the  technique 
developmen', movement of the  s u b s t r a t e  and heat ing assembly was chosen a s  
the  method f o r  posit:foning the  su'b s t r a t t e  d i r e c t l y  'beneath each e~i-aporat5.n.g 
filame_r_t, The s u b s t r a t e  hea te r  and holder assembly was moufited on a..n arm 
r,.ormal t o  t h e  ax i s  of a r o t a t i o n a l  mechan:ical f e e d t k o u g h  in.trod.uced thro.ugh 
one of f.he por.:s described e a r l i e r .  !T!he placement and movement a re  ind i -  
cated i.n Figures 14 and 15. The mechanical f eedthrough was magneti.eally 
coupled so t ha t  n.o moving s e a l  was rintro&uced, Fig.we 15 11,s a good -illus- 
t r a t i o n  of the  positi.ons assumed by the  e l e c t r i c a l  leads 210 the  s.ubst,rate 
heater  electrodes.  The e lect r i .ca1 leads and thermocauple wi:res were in-  
troduced i n t o  the  system by seal.ing them in  the .t;ubes of an  o c t a l  con&uctor 
feeat'hrough located d i r e c t l y  opposite t h e  shaf t  carrying the  subs.trate 
heater .  During posit.ioning of the subs.tr.ate t he  w:i.re leads were :readily 
able  t o  follow the  shor t  a r c  path of t he  heater  without short ing.  A de- 
t a i l e d  descr ipt ion of t:he subst,:rate heater  and c a r r i e r  w i l l  be ~~~~~~~~~ed. 
.Later . 
The techniqo.e f i n a i l y  developed f o r  reproducibly mak:i.ng s ingle  
c r y s t a l  f i lms did not inco'rporate double evaporation. However, i:L was 
s t i l l  necessary t o  move t.he subst ra te  during t h e  course of ,the process. It 
was determined .that s-ubli.mation of t he  i ron from a s m l 2  c o i l  of i ron  heated. 
r e s i s t i v e l y  a t  a source .to s-ubstrate distance of 1 in.ch was required. After  
deposit ion the  f l l m  had Lo be annealed. The m o s t  e f f i c i e n t  method o f  anneal.- 
ing the f i b  on the  surface of the  N'aC1 subst ra te  was t o  heat the  fihn 
radiantLy from above a s  wel l  as by con.duction .through t h e  NaCl b:Lock. To 
supply t.he radiant hea.t a l - inch  wide carbon c lo th  was plaeed I inch above 
the subst ra te .  To f a c i l i t a t e  t h e  proximate sablimatlon and heating it; was 
necessary t o  move the  subst ra te .  The ,t:wo posi.tions of the  su'lostrate r e l a -  
t i v e  ,to ,the i ron  source and radiant  heater  a re  shown i.n Figu.res 15 and 16, 
respect ively .  Unfortunately, the  view of the  i ron wire c o i l  i.s blocked i.n 
Figure 15. However, -the c0i . l  may be seen i n  Figure 16 al.t;ho-ugh the  sub'- 
sk ra te  i s  not posi,t;ioned no~rnal t o  it.. 
The i ron c o i l  was formed by wrapping a piece of 20 m i l  wire t,igl-,.Lly 
around a 35-mfl tungsten wire form. The.length of the  i ron  wi.re used was 
5 inches, and t he  number of turns  used was 15. The coi.1 was pushed off 
t h e  form and s t re tched t o  a leng.th of 9116-inch. !The leads  t o  the  c o i l ,  
0 of esserlti .ally equal  l engk  hs, were bent 90 t o  t he  c o i l  i n  posi2.i.ons - c i s  
t o  each other .  The leads  were then clamped between two copper electrodes 
a s  indicated i n  Figure 16.  h he electrode posit ioned th ree  por ts  from the 
mechanical feedthrough carrying the subs t ra te  heater  i s  p a r t i a l l y  blocked 
from view.) The c o i l  i n  t h i s  positi .on l i e s  perpendicular t o  t h e  a rc  of 
the  sribstrate movement. By adhering c losely  t o  t h i s  procedure f o r  making 
,the i ron fi laments f o r  each experiment, t he  variable transformer s e t t i ng  
f o r  producing a predetermined sublimation r a t e  was nearly .the same from 
one run t o  another. The proper deposi.tion r a t e  was roughly 400 i/mir. as  
det.ermined from f i lm  thickness measurements made on f i l m  deposited on gl.as s 
s l i de s .  
The high ampere feedthroughs supporting the electrodes f o r  subli.ma- 
t ior ,  are  c l ea r ly  v i s i b l e  i.n Figure 14. A t h i r d  high ampere f eedthrough 
and e lect rode i n  prominent view was positioned on the  other  s ide  of t he  
system. The function of the  two prominent electrodes was t o  ca r ry  t he  
cmren t  and mechanically support the  radiant  heater .  The la rge  electrode 
on t h e  l e f t  i n  Figure 15 acted a s  a common pole f o r  both the  evaporator c i r -  
curit and the  radiant  heater  c i r c u i t .  Power f o r  both c i rcui . t s  was supplied 
by a " r A  power supply shown i n  Figure 13. This power supply .was capable 
of energizing four  c i r c u i t s  using a common pole from a four-tap transformer. 
Power t o  the external  c i r c u i t s  was regulated by a var iable  transformer i n  
,the innit . 
Before the  subs t ra te  o r  t he  i ron f i lm was exposed t o  the  radian"; 
heater ,  i.t was necessary t o  degas the  heater  i n  high vacu ' i .  To faci l i ta-Le 
shieldi.ng of t he  subs t ra te  during the  degasing operation, a shu t te r  was 
i n s t a l l e d  i n  t h e  vacuum chamber. Figure 14 gives a good view of .the shu t te r  
which was mounted on an arm perpendicular t o  the  ax i s  of a second magnetf- 
c a l l y  coupled mechanical feedthrough. The por t  used f o r  t h e  i n s t a l l aS ,on  
was 72' c o ~ ~ ~ t e r c l o c k w i s e  t o  t h a t  containing the  shaf t  supporting t he  sub- 
s t r a t e  heater .  With the  subst ra te  and shu t te r  i n  t he  ra ised posi t ions ,  the  
shu t te r  a l so  a c t s  as  a heat  shie ld  f o r  the  subs t ra te  heating assembly i n  
the  absence of overhead radiant  heater  operat;i.on. A heat shie ld  positi.oned 
over the  radiant  heater  was a l so  par t  of the normal operating apparatus. .A 
p ic tu re  of t he  heat sh ie ld  i s  given i n  the  i n se r t  of Figure 16. 
The subs.krate holder shown in Figures 15 and 15 was the  design used 
f o r  these s tudies  ra ther  than the  one shown i n  Figure 14. F igwe  14 was 
included f o r  t he  excel lent  view of the  feedthrough layout. The s-ubs-trate 
c a r r i e r  block was made of copper p l a t e  with two mounting holes and two 
symmetrically posit ioned recesses t o  accommodate rectangular so l ids  of NaCI. 
subst ra te .  The dimensions of the  subst ra tes  were shaped by cleaving s ing le  
c ry s t a l s  of NaCl ( o p t i c a l  c r y s t a l  blanks from t h e  Harshaw company) along 
[loo] planes with s ing le  edge, s t a in l e s s  s t e e l  safety-razor blades. The 
temperatwe of t h e  copper block was determi.ned wi th  a chromel-alwnel thermo- 
couple. !The thermocouple hot  junction was f i t t e d  securely i n  a hole i n  .the 
upper face  of t he  block near a subs t ra te  a s  shown i n  Figures 15 and 16. The 
thermocouple wires exi ted the  system through the  tubes of t he  o c t a l  conduc- 
t o r  feedthrough described e a r l i e r .  The thermocouple used an i c e  bath co2.d 
junction, and t he  po t en t i a l  was read w i . t h  a po.tentiometer. 
Measuring and regulating the  temperature of the  deposited iron. f i lm 
on t he  NaCl surface was d i f f i c u l t .  NaCl has poor proper t ies  of thermal 
conduction, and t he  qua l i t y  of thermal contact between t h e  NaCl subst ra tes  
and the  copper block was questionable. Measuring t he  temperature of a 
heated NaCl block can be uncertain due t o  the  r e l a t i v e  transparency of the  
NaC1 t o  in f ra red  radia t ion.  For t h i s  r e a s o n ,  the  temperature measurement 
of the  bare surface of a NaCl subst ra te  before i ron deposition was not 
attempted. Such measurements would have been required t o  define the  epi-  
t ax i c  temperature f o r  i ron i n  t he  system studied. Reasonable measurements 
of t he  i r on  f i lm  temperature were, however, made during the f i lm annealiag 
and react ion processes using t he  following technique. 
Many of t he  more conventional techniques of f i lm  temperature measure- 
ment were not applicable t o  t h i s  system due t o  the  importance of irnrnediahe 
reac t ion  following f i lm deposition and due t o  t h e  necessi ty of moving the  
subst ra te .  The surface of t he  subs t ra te  carrying the  s ing le  c r y s t a l  f i l m  
f o r  study could not be perturbed by clamps nor covered by temperature 
measuring devices without spoi l ing t he  experiment. Therefore, an ind i rec t  
measurement was necessary. Two s ingle  c r y s t a l  specimens were made simul- 
taneously i n  each experiment. Two NaCl subst ra tes  were mounted i n  the  
c a r r i e r  block i n  symmetrically s imilar  posi t ions  f o r  evaporation and heat,- 
. 
ing. One of the  subst ra tes  ca r r ied  the  f i lm t o  be examined and the  other 
ca r r ied  a f i lm  t o  be used f o r  temperature measurements. A thermocouple was 
designed which would contact the face  of the  f i lm on t he  auxi. l iary s-ubst~rate. 
This ,thermocouple had t o  be capable of supporting i ts  own weight when the  
subst ra te  was moved from the  ra i sed  posi t ion to  the pos i t ion  required f o r  
i r on  deposition. Figure 15  shows t h e  a t t i t u d e  assumed by t h e  thermcouple 
when the  subst ra te  i s  posit ioned f o r  deposition. Figure 16 i l l u s t r a t e s  
t he  locat ion of the  thermocouple on the  aux i l i a ry  subst ra te  with the appara- 
t u s  s e t  f o r  annealing o r  react ion.  The aux i l i a ry  subst ra te  i s  pictured with 
a f i lm  on i.t while the  specimen subst ra te  i s  bare. T t  i s  obvious t ha t  the  
thermocouple must be able t o  repeatedly s l i d e  across the  subst ra te  and copper 
block during movement of the  apparatus and r e tu rn  to  the  same posi t ion on 
t he  aux i l i a ry  c rys ta l .  To do t h i s  a thermocouple was made from a leng,Lh of 
20 m i l  i ron wire t o  whi.ch a ?-mil constantan wire was spot welded. !The iron 
wi.re was at tached a t  one end t o  a bracket on t he  chamber wall. and shaped 
i n to  a configuration which would allow the  ho,t junction t o  follow the  proper 
path. The thermocouple i s  pictured i n  Figures 15 and 16. The hot junctti.on 
end of t h e  wire was f l a t t ened  t o  simulate the configuration of a f i lm on t he  
subst ra te .  The constantan wire was connected t o  one of the  tubes of t he  
o c t a l  conductor feedthrough. The ex te r io r  end of t h i s  tube was connected 
t o  another port ion of constantan wire which was run t o  the  potenti.ometer. 
!The system wal l  ( s t a in l e s s  s t e e l )  was required as a section i n  the  i.ron 
wire port ion of the  thermocouple leading t o  the  cold junction. A:Lthough 
the  thermocouple used could not be checked i n  s i . tu  a very similar  setup was --' 
checked against  boi l ing water as  a standard and was found t o  ind ica te  a 
0 temperature wel l  wi thin  1 of the  ac tua l  value. 
Similar ca l ib ra t ion  t e s t s  were made t o  check t he  chromel-alumel 
couple with both f reezing zinc and bo i l ing  water. The readings fo r  several 
determinations were within 40C of the  standard values. The chromel-alumei 
couple a s  b u i l t  i n to  the  system did not make use of i n se r t  o r  lead conduc- 
t o r s  i n  i t s  c i r c u i t .  I n  a t e s t  of temperature measurement consistency 
between the  two thermocouples s e t  up i n  t he  apparatus, a  temperature d i f f e r -  
0 
ence of 0 t o  7 ' ~  was observed for  several  readings around 4 0 0 ~ ~ .  However, 
0 
Lhe most common dif ference i n  the  temperature reading was l e s s  than 1 C .  
!The t e s t s  were conducted as  follows: Both radiant  and subst ra te  heaters 
were used; the  two couples were clamped together with a s i l v e r  C-clamp of 
r e l a t i v e l y  large  mass; t he  clamp and couples were e l e c t r i c a l l y  insulated 
from the  subst ra te  c a r r i e r  block with mica sheets ;  and the  thermocouple 
po t en t i a l s  were measured a l t e rna te ly .  
To es tab l i sh  the  temperature f o r  the  i r on  f i lms,  the  power t o  both 
the  subst ra te  heater  and t he  radiant  heater  was adjusted t o  gi.ve the  same 
s teady-s ta te  indicat ions  f o r  both t he  thermocouple 'in the copper block and 
t he  iron-constantan thermocouple i n  contact with the  aux i l i a ry  subst ra te .  
Only temperatures measured i n  t h i s  manner were considered t r u l y  representa- 
t i v e  of the  i r on  f i lm and subs t ra te  temperature. These temperatures were 
probably within 1 0 ' ~  of t he  ac tua l  f i lm .temperature. Exact knowledge of. 
the  f i lm temperature was not c r i t i c a l  ,to t h i s  work since reac t ion  product 
i den t i f i c a t i on  and character is t ics . in  various temperature regions were t h e  
points  of study and not t r a n s i t i o n  point  phenomena. 
The subs t ra te  heater  assembly consisted of a double-walled r e f  l e c to r  
uox i n  which a heater  element was mounted. The walls  of the  r e f l ec to r s  
were short  with open edges t o  allow the  f r e e  passage of gas. The subst ra te  
c a r r i e r  block was mounted on two bo l t s  which a l so  supported the  ins ide  
heater  box. These b o l t s  were secured i n  t he  bottom of t he  outer r e f l ec to r .  
The outer box was supported by a tube of Monelwhich was at tached t o  the 
mechanical feedthrough shaf t .  The heating element was a 112-inch wide cay- 
bon c lo th  ribbon held between two b o l t s  ac t ing as  electrodes.  The b o l t s  
were suppor.ted by and insula ted from the  inner r e f l e c t o r  box by nuts spaced 
with rni.ca washers. The electrodes extended through ,the outer  box passing 
through oversized holes t o  prevent short ing.  Outside t he  heater  assembly 
t he  b o l t s  were fastened t o  lead wires enter ing the  system through t he  
o c t a l  conductor feedthrough. Power was suppli.ed t,o t h i s  heat.er by reducing 
t h e  standard 110-volt source with a transformer t o  11 vo l t s  and regula t ing 
the voltage supplied t o  the hea.t;er with a var iable  'transformer. A voltmeter 
was i n s t a l l e d  across the  leads t o  the  heater  t o  f a c i l i t a t e  reproducible 
power i.nput . 
The ove ra l l  p ic tu re  of t he  equipment a s  s e t  up f o r  reac t ion  i s  given. 
in .  Figure 16. A lect.ux-e b o t t l e  of the carbon monoxide was conn,ected t;o a 
two-stage pressure regula tor  equipped with a d i f fus ion  r e s i s t e n t  d.iaphragm. 
The gas was conctucted through r e f r i ge r a t i on  grade copper tubing t o  a pyrex 
g lass  cold t rap .  Due t o  t h e  small. quant i ty  of gas a c tua l l y  used per experi-  
ment, t he  t r a p  was not used a s  a purifying device but; r a t he r  served as a 
surge tank. From the  t r a p  the gas was conducted through more coppey tube 
t o  a leak valve. The valve was coupled t o  the vacu-an system 'by a s,t;airi.less 
s t e e l  tube si . lver  soldered i n t o  a hole dril.Z.ed i n  one of the  blank f lznges  
of  a feedt 'bough por t .  Soldering was d0n.e f rom' the  ins ide  surface of .the 
f lange t o  prevent the  c rea t ion  of v i r t u a l  leaks .  The tubing connecLi.ons 
were made wi th  brass  swagelok couplings. A t  g lass  tubing connections Tef.101;. 
f e r ru l e s  were incorporated i n to  the swagelok couplings. 
2. Specia l  Equipment 
Four e lec t ron microscopes were used a t  var.i.ous times i n  the  research 
program. Choice of the instrument used depended on the type of sample, 
instrument a v a i l a b i l i t y ,  and the  qua l i ty  of the  r e s u l t s  required. The -Ere- 
struments were 3 Japan Electron Optics La'boratory JEM 7 -  a Ph i l i p s  EM 200, 
an E.m EMU 3, and an Akashi TR S - 8 ~ .  Mi.crographs and d:i.ffraction pa t t e rns  
of  metal fo i . l s  were made using 100 and 80 W potenti .als  (depending on the  
instrument used). Micrographs of r ep l i c a s  were made using 50 KV e lect rocs .  
A Kenney laboratory  high vacuum evaporator was used f o r  makin.g speci-  
men ,replicas.  The ~ e p l i c a s  were of t h e  d i r ec t  platinum shadowed arid carbon 
f i l m  type. The components i.n t he  vacu-urn system were arranged t o  evaporate 
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plati.num from a tungsten wire t o  give a shadowing angle o f  15 , Some of 
t he  compoa.ents were arranged t o  make a second evaporation of carbon irnme,- 
d i a t e l y  following depositi.on of platinum. The carbon source was posi:t;.i.oned. 
n.ormal t o  the specimen surface. 
A mult iple beam interferometer employi.ng f r inges  of equal chromatic 
order was used .for i ron  fi.im thi.ckness determinations. 
Although not emphasized t o  g rea t  degree i n  t he  t he s i s ,  i n  s.ft;.cn s.budies -- 
of CO decomposition on bulk i ron  s ing le  c ry s t a l s  were a l so  made. The pro-  
gram was not  pursued extensively and the  information obtained was con-e- 
spond- l imi ted.  However, i t  i s  worth mentionirrg t h a t  a Metioscope 
(secondary emission e lect ron microscope) was employed f o r  i n  s i t u  inves t iga-  -- 
t i ons  of  t he  react ing samples. I n  order t o  expose t h e  required crys t$al  
faces  f o r  stud,y,a back r e f l e c t i o n  x-ray Laue Camera was used t o  o r i en t  a 
bulk i r o n  s i ng l e  c r y s t a l  and a spark machine employed t o  cut  out specimens 
of c r y s t a l  along the  appropriate planes. 
B. l ! , ~ ~ e r i m e n t a l  Procedures 
The primary experiments i n  t h i s  research required tthe growth o f  
sing1.e c r y s t a l  f i lms of i r o n .  and t h e i r  reacti.on without an intermediate ex- 
posure t o  the atmosphere. The specimens were examined a s  qui.ckly a s  possib1.e 
fo:l:.owing react ion by e lect ron microscopy. I3ei.r cha rac t e r i s t i c  fea tu res  
were ~ e c o ~ d e d  photographically i n  e lect ron m:f.crograp'hs and selec.ted. area 
Support in.g experiments i n c l ~ d e d  f i . l m  thlckn.es s mea snremee.t s by i n t  w- 
f erometry and sample surface charact-ertzat ion. 'by. d i r ec t  carbon rep:iicat;ion 
w i , t h  subsequent e lect ron microg~aphi  c record.ing of t he  surface f ea.tmes. 
The time avai lable  f o r  i n  s i t u  studies i n  the metioscope was very -- 
l imi ted and accordingly, the  information obtained cons t i tu tes  oxly a mivor 
port ion of t h e  ove ra l l  presentation.  For t h i s  reason a de ta i l ed  desc:,i~+ ion 
of the experiments i s  not included. Useful information or, %he problem can 
be obtained only i f  an extensive research progyam i s  designed around the 
met;ioscope. 
The following treatment will present t,he detai:ls of t he  experimexka.1 
prmocedure used f o r  maki:vrg , react ing,  and analyzing i ron  s ing:l.e c r y s t a l  f i 1 . m ~ .  
I. Substra te  Preparation 
The subs t ra te  material was NaCl. s ingle  c ry s t a l s  pl-od.;ced by -t*h.e 
Harshaw Chemical Company and sold  as  optri.ca.1 crys, tal  blanks.  The d:i.mensions 
were 1 cm x 1 cm x random 1en.gths. !Phe as-received crys,t;als were washed. 
quickly i n  a s e r i e s  of four d i s t i l l e d  water baths ,to rern0.v.e packing con't:ami.- 
nat ion and any impurity f i lms.  A f t e r  t h l s  treatment t he  c rys t a l s  were 
dr ied with dus t less  laboratory t i s s a e .  Ae needed, c r y s t a l  blanks were 
0 chose:l and heated i n  high vacuum a t  a temperatwe of 400 C f o r  a peri.od of 
1 how. me blanks were then s tored i n  a desicca.tos. As requ.i:red, s u b - ,  
s t r a t e  c ry s t a l s  were cleaved f rom the  t rea ted  b:l.an.ks .to di.mensions approx.i. ,-, 
mabely 0.20" x 0.40" x: 0.07". The ac tua l  d.imensi.0n.s were somewhat 1 , ~ ~ s  so 
t;:hat; t he  subs t ra tes  would read i ly  f i . t  the  Yecesses cut i n  Lhe s,;l'bs.t;rat,e 
c a ~ r i e r  block. Cleavage was done on t h e  surface  of f r e s h  bond paper and 
.the c r y s t a l s  were handled with methanol-c:Leaned tweezers. 1mmedi.ate:Ly 
foi;.owi.:~g cieavage, .the s u b s t r a t e  c r y s t a l  sxrfaces  were q ~ i c k l y  and sharply 
blowr: wi th  n i t rogen and immediately placed i n  .the reac.t;or. The vacu'm 
sy-stem was immediately closed and pumped. down. 
P ~ i o r  t o  each experimental. run  a new i.:ron wi.re f i lament was i.o.sta.Lled 
:Ln t he  sys teem. . A f  t ,er  formin.g, the  f ilarnent wa,s clearied 5 . ~ ~  success:ive sol:[;.- 
,tioris of , t r ichloroethylene ,  acetone, and methanol .to remove a grease  c0a.tLr.g 
appl ied  t o  r e t a r d  oxidat ion.  Immediately fol lowing t h i s  t reatment the f f l a -  
mP?t  was i n s t a l i e d  and a run  i n i t i a t e d .  
3e fo re  each experiment, it was fo-und. des:frable t o  c lean  *he be;.l..jar 
of t h e  i.rolz f iim formed i n  t h e  previous experiment. m e  o l d  i r o r ~  f i lms  
hindered t h e  l-apid achi.evement of  u l t r a  high vacwm due t o  sorbed gases. 
Also, i t  was conven.ient -to have a clean ' b e l l j a r  f o r  use i n  checking i h e  s . A -  
1.imation r a . t e  of  iron. a t  the  previo.usly deterrniced power l e v e l .  The check 
can 'be made s ince  a few par, ts  i n  the  apparatus c a s t  shadows on t h e  b e l l j a r  
d-ming su'b_imation. The f i l m  was removed using n i . t r i c  ac id  fumes from a 
small. pool  of concentra.ted solintfon i n  the  boS.5om of t h e  i .nverted bel2.ja.u.. 
The treatment* was fol:.owed by r.f.nsin.g wl.th water and dry'5.n.g i n  t h e  hot  a i . r  
sL.ream of a 1aborato:r-y heat  gu.n. I n  the meantime, t h e  boot gasket f o r  .the 
b e l l . j a r  was wiped c lean  with a dus t l e s s  1abora.tor.y t i s s u e  and a 1igh.t  coat,- 
ing of  Apiezon Type L grease a,ppli.ed t o  the  g l a s s  t o  V i . t o ~ ~ ,  sea l ing  sarf'ace. 
With t h e  gasket back i n  p lace  t h e  system was ready f o r  operat io?.  
2. Sys.5em Operation During the Deposit-ion. of I r o n  
A f t e ~  in . s t a l l ing  a new i.ron f i lament  and NaC1 su 'bs t ra tes ,  t h e  sy"?::em 
was pumped dowc t o  20 mi.cxons a s  read by a Hastings thermoco.uple vacu:m 
gage. A t  t h a t  po in t  the  t i tanium sublimator f i laments  were energized and 
degased a t  a  power s e t t i n g  producing approximately 35 amperes i n  t h e  f iLa-  
ments. The pumping was continued wi th  t h e  15  cfm mechanical pump u n t i L  khe 
system pressure  was 10 microns. The system was then i s o l a t e d  and pumping 
with both t i tanium sublimation and the  ion pump was i n i t i a t e d .  When a  
pressure  of approximately 1 x 10-' t o r c  was a t t a ined ,  t h e  r ad ian t  heater  
element ( s h u t t e r  i n  place t o  s h i e l d  the  s u b s t r a t e s ) ,  t h e  s u b s t r a t e  hea te r  
element, and t h e  i r o n  f i lament were degased. Subsequently, the t e m p e ~ a t  u ~ e  
of t h e  s u b s t r a t e  c a r r i e r  block was r a i s e d  t o  a  temperature of approximately 
0 5 0 0 ' ~  and baked f o r  1 5  minutes o r  more before cooling t o  approximately 4k.5 C .  
The l a t t e r  temperature was maintained f o r  a t  beast  30 minutes before i ron  
was deposi ted on the  subs t ra t e s .  The purpose of  t h i s  procedure was t o  degas 
t h e  subs t ra t e s  and t o  e s t a b l i s h  thermal equil ibrium i n  t h e  NaCI. The proce- 
dure t o  t h i s  po in t  was conducted wi th  the  s h u t t e r  i n  t h e  r a i s e d  p o s i t l o n  and 
i n  t h e  absence o f  t h e  overhead rad ian t  heater  operat ion.  The va r i ab le  
t ransformer i n  the  s u b s t r a t e  hea te r  c i r c u i t  was s e t  a t  approximateLy 59 per-  
cent  of f u l l  s c a l e  y ie ld ing  a  c i r c u i t  voltage of 6.5 V i n  order  t o  maintain 
the  copper block temperature a t  445O~. Exact s e t t i n g  and temperature were 
not c r i t i c a l  t o  the r e s u l t s .  
The i r o n  f i lament was now heated slowly t o  a power l e v e l  correspond- 
ing t o  a  va r i ab le  transformer s e t t i n g  of  60 per  cent  of  f u l l  s ca le  using 
.the 400 A - 5 V t a p  of t h e  transformer i.n t h e  f i lament power s-upply. Thi.s 
a c t i o n  was taken t o  check the  power l .evel  requi red  f o r  adequate su'blimation. 
of t h e  i ~ o n  wire and t o  clean the  f i lament .  The power t o  the  filamen't was 
then decreased. 
A n  i n i t i a l  pressure  of 1 x lom7 to ry  was considered t o  be the  h ighes t  
pressure a t  which deposition should be conducted. The pressures ac tua l l y  
- 8 
used were generally i n  t h e  low 10 t o r r  t o  t o r r  range. Before lower- 
ing the  subst ra tes  i n to  t h e  deposition posi t ion,  the system pressure and 
copper block temperatures were recorded along with the  subst ra te  heater  
var iable  transformer se t t ing .  
Af te r  recording t h e  data,  deposition was i n i t i a t e d  by t w n i n g  the  
power t o  t he  filament up t o  approximately 65 per cent of f u l l  scale .  'Ifhe 
progress of the  deposit ion was v i sua l l y  ra ted  and corresponding adjustments 
made i n  the  power supply. The subst ra tes  were observed to  turn brown and 
darken during deposition before becoming metal l ic  i n  color and op t i ca l l y  
dense. The proper deposition r a t e  was determined empirically t o  bring a'bout 
the metal l ic  appearance of t he  deposit a t  approximately. 45 seconds in to  
the  sublimation. The duration of the  deposit ion was 3 minutes unless a 
l i t t l e  th icker  o r  thinner f i lm  was considered more desi rable  f o r  t he  experi- 
ment t o  be performed. The data per t inent  t o  the sublimations, f i lm  anrieals. 
and react ions  a r e  tabulated i n  Appendix D. 
Following deposition of the  i ron f i l m  it was found necessary t o  
anneal t he  deposit  a t  higher temperatures i n  order t o  produce t h e  bes t  s i n -  
g l e  c ry s t a l .  The technique t o  be described was not considered optimum but 
it gave successful  r e su l t s .  The subs t ra te  heater  transformer s e t t i ng  was 
moved t o  68 per cent of fill scale ,  and the  rad ian t  heater  was operated wtth 
a variable transformer s e t t i ng  of 54 per cent of f u l l  sca le  employing the  
200 A - 10 V transformer t ap  of t h e  filament power supply. The l a t t e r  se, t t i r ,  g 
was approached slowly over a 15-minute i n t e rva l  using an i n i t i a l  s e t t i n g  of 
35. Both s e t t i ngs  were maintained f o r  a t  l e a s t  15 more minutes . to  g ive  a 
t o t a l  a.mealing time of 30 minutes o r  more. The f i n a l  copper block tempera- 
+:me was appr.oxi.mat.ely. 530°c, and the  temperature indicated by khe i ron-  
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con.stantan. f:hermocoupl.e on the  a-mili.ary. s - u b s t ~ a t ~ e  was approximately 450 C. 
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The 450 C value was es tabl ished quickly a f t e r  making the  f i n a l  r ad ian t  
hea te r  power adjustment and was mainf.ained a t  a. near cons.tant value dillring 
t he  l a s t  15 mixutes. The exact f i l m  tempera.Eure was not defined.. However, 
i t  i s  a reasonable assumption t h a t  an annealing time of 15 minutes a t  a 
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temperature between 450 C and 500 L would be su f f i c i en t  f o r  a f i l m  of the  
p u t t y  employed. 
3.  System Operation Dmi.ng Fi.lm Reaction 
Reaction of a s ing le  c ~ y s t a l  f i . h  with CG was conducted. 'by' f i r s t ;  
establi .shing thermal equilibrium of t he  substrat;es and suppor,t; apparatus 
a t  the  temperature ,to be i-.vestigated. The temperature was equili.bra.t;ed a s  
soon as  poss ibie  a f t e r  tihe f i b  ann.ea1i.n.g t,reatment. By s e t t i ng  the  va:ri,- 
ab le  transformers of both heater  ci.rc.aits a t  predetermined power led'els,  
the  f;ernperature of the  copper block was brought i n to  coinci.den.ce with that; 
measured a t  t;he aux i l i a ry  subst ra te .  This process es tabl ished the  i ron  f i ! !  
temperat-lare a s  t h a t  i.ndicated by khe the'rmocouples. 
Carbon. monoxide was le t .  5.nto t he  system through t he  l eak  valve .unt;i.l 
the  expe~imen.'bal pressure was establi.shed as  indi.cated by the  the?--mocouple 
vacuum gauge. The pressure was maintai.ned app:rox~ha.bely constant w.'iS.h me- 
chanical  adjss.hments of  t h e  valve a s  required. 
Some .t;emperature i n ~ t a b i l i t ~ y  was encowitered on introducing t he  CO. 
The ePfect was co-untered by adjustments of  the  heater  power l eve l s .  The 
temperature deviat ions were small during t h e  major porti.or,s of t he  react ions  
being of the  order of f ~ O C .  A t  tihe beginning, however, shor t - l ived depart..- 
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llres from .the reac to r  tempera.t,we a s  l a rge  a:: 15 C were enco.un.tered F0.r-, 
tunate ly ,  the  phenomena s tudied were not c r i t i c a l l y  e f fec ted  by these  
tempera,twe deviat ions,  and the  r e s u l t s  observed a r e  representa t ive  of the  
average temperature. The temperature data f o r  each react ion a r e  given i n  
Appendix D. 
T'he duration of a reac t ion  was normally 1 hour. However, severa l  
extended experiments were a l so  conducted. The react ion por t ion of the  
experiment was terminated by evacuating the  system and then shut t ing o f f  
t h e  power t o  the  heaters .  The time required t o  pump the  system down t o  l x  
lo-' t o r r  following a react ion was l e s s  than 5 minutes. F'umping was con- 
t.,inued until a low tory  s ca l e  pressure was established.  The power t o  
t he  heaters  was shut  o f f  approximately 5 minutes a f t e r  t he  system evacuation 
was i n i t i a t e d .  The cooling curves f o r  t he  apparatus a s  es tabl ished from 
both the  su 'bstrate c a r r i e r  block thermocouple and t h e  thermocouple r e s t i ng  
on the  aux i l i a ry  subs t ra te  a r e  given i n  Appendix E. 
Af te r  a specimen had cooled t o  near room temperature ( a s  indicated 
by t h e  copper block ternperatme), the system was backf i l l ed  with pre-puri - 
f i e d  grade nitrogen t o  1 atm of pressure.  
A post react ion vacuum anneal of the  film was performed i n  one experi-  
ment.. The system was evacuated and t he  react ion temperature was main.tai.ned 
throughout the  annealing period. The process was terminated by discontinu- 
ing t h e  power t o  t he  heaters.  
4. Specimen Pl~eparat ion f o r  Analysis 
The subs t ra te  and s ing le  c r y s t a l  f i lms were removed from the system 
and placed i n  a closed p e t r i  dish. A s  quickly as  poss ible  the  f  i.lm was 
scored wi th  a d issect ing knife ,  and t h e  pieces of c ry s t a l ,  approximately 
2 m2, were f l oa t ed  from t h e  subs t ra te  onto the  surface of water. Three 
baths  of d is . t i . l led  and degased water (degasing accomplished with an a s p i ~ a -  
t o r )  were prepared f o r  the  s t r m i n g  and washing of t h e   specimen.^ p r i o r  .to 
t h e  removal of t h e  subs t ra te  from t h e  vacuum system. The pieces of i ron  
c r y s t a l  were t r a n s f e r r e d  from one bath  t o  another by picking them up on 
3 mm, 75 mesh, copper g r ids .  On removal of the  specimens from the  l a s t  b a t h ,  
t h e  excess water was removed by adsorption with f i l t e r  paper,and ,the specimen 
res, t ing on t h e  support g r i d  was placed under an i n f r a r e d  lamp f o r  drying. 
Within 15  minutes of t h e  opening of t h e  vacuum system, t h e  specimens co.ui.d. 
be s to red  i n  a des iccator .  Within 1.5 hours t h e  f i r s t  specimen was genera. l .1~ 
i n  an e lec t ron  microscope. 
5. Analysis o f  the  Specimens 
The inves t iga t ion  of t h e  specimen f i lms i n  t h e  e lec t ron  microscope 
included t h e  following: The crys ta l lographic  f e a t u r e s  of the  i ron  f i l m s ;  
the  charac te r i za t ion  of s o l i d  product nucleat ion s i t e s ;  t h e  morphology and 
s i z e  of product p a r t i c l e s ;  the  product p a r t i c l e  population densi ty ;  e l e c -  
t r o n  d i f f r a c t i o n  i d e n t i f i c a t i o n  of indi.vidua1 p a r t i c l e s ;  t h e  0 r i e n t a t i . o ~  
r e l a t i o n s h i p  between product c r y s t a l s  and t h e  i ron  s ing le -c rys ta l ;  the  
d i r e c t i o n a l  r e l a t i o n s h i p  between product p a r t i c l e  growth d i rec t ions  and the 
c r y s t a l  s t r u c t u r e  of t h e  i ron ;  and the  in. terf  ac i . a l  character  of t h e  product- 
i r o n  boundaries. 
6. I ron  Film Replicas 
Replicas of the  surfaces of some of t h e  reacted  i r o n  f i lms were mad.e. 
The purpose was t o  provide support information f o r  t h e  i n t e r p r e t a t i o n  of 
t h e  transmission e lec t ron  microscopy. A port ion of the  s u b s t r a t e  c a r : ~ i . n g  
t h e  film was cleaved carrying a cleaved sec t ion  of f i lm with i t .  The por- 
t i o K  of sample t o  be investi.gated was placed i n  a l abora to ry  evaporator 
wlth t h e  iron f i lm s ide  up. As descri.bed e a r l i e r ,  ,the apparatus was se.L up 
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t o  evaporate p:latinum onto a specimen surface a t  an angle of 15 (shad0wi.n.g 
the surface fea tures )  and t o  follow the  f i r s t  deposition with a deposit of 
carbor. applied normal t o  the  surface. The composite f l lm was then removed 
from .the NaCl i.n the manner previously described. Pol1owin.g t he  f:i.lm s.t,u.:ip.- 
ing process, the  specimens were placed i n  a n i t a l  etching solut ion t o  d i s -  
solve away the  iron.. The carbon-plat,inum repli .cas were then washed and 
mour~ted on. e lect ron microscope gr ids  f o r  examinat ion. The points studied 
i n  the  eleckron microscopy of the  xeplicas were: The surface topography of' 
both t h e  i ron  c ry s t a l s  and t he  product c rys ta l s ;  t he  shapes of product cry- 
s t a l s ;  and impressions l e f t  by decomposed product pa r t i c l e s .  
 
and (111) Film Planes 
Attempts were made to produce i ron  s ingle  c rys ta l s  having (110) a,] 
[1-1) f i l m  planes. The procedure was t o  produce NaCl plane faces of t:he 
corresponding or ien ta t ion  and t o  deposit  i ron on these  i n  t he  same manflex 
a s  that; used for t h e  (001) films. Deposi t ions on these two new orien.t;atior~.$ 
were ca r r ied  o u t  a t  three  d i f fe ren t  subst ra te  temperatures. A temperature 
corresponding t o  t h a t  used f o r  t he  (001) f i lm deposits  and temperatures 50' 
above and below tha t  temperature were used. 
The PJa.Cl faces  were prepared by cut t ing t he  o p t i c a l  c rys ta l .b lanks  
with a jewel.er's saw. The blanks were oriented and the  cu t t ing  plane de- 
fined by placing them i n  spec ia l ly  prepared rni.t,er boxes. The faces  were 
smoothed by polishing the  surfaces on a nylon c lo th  wet i n  one region, and 
dry i n  the  others .  The wet region was used f o r  polishing.  Etching duriLg 
removal of  the c ry s t a l  from t he  c lo th  was prevented by quickly s l i d ing  t he  
crys ta l .  i n t o  the dry por t ion of t he  c loth .  F ina l  polishing of the surface 
was accomplished by placing a drop of water onto the  surface of i n t e r e s t  
and very quickly blowi.ng the  surface dry again with a quick burs t  of n,i.i-YO- 
gen.. 
8. Znterferometer Determinations of Film Thickness 
The cieavage s teps  on t he  N a C l  subs t ra te  surfaces prevented di rect  
~h i cknes s  determinations of the  i ron  f i lm  overgrowth. Therefore, experimen's 
were performed by depositing i ron  onto g lass  s l i d e s  posit ioned i den t i c a l l y  
wiLh respect  t o  tohe i ron  filament as  the NaCl subs t ra tes .  A sharp s tep  was 
required a t  an edge of  t h e  i r on  f i l m  on the  g lass  surface i n  order f o r  a 
good interferometer measurement t o  be made. To f a c i l i t a t e  the  formation of 
the  required step, the  edge of a g lass  s l i d e  cover p l a t e l e t  was beveled and 
the  sharp edge placed next t o  the  base s l i d e .  The p l a t e l e t  was snugly fit 
t o  the  s l i d e  wi th  a very small  amount of Apiezon L grease located as  f a r  
from the  edge a s  possible.  The deposit ion of the i r on  was made a t  room 
temperature. The thickness measurements were made i n  the  Physical  Sciences 
Division of the Engineering Experiment Sta t ion .  The determinations were 
made i n  a multiple-beam interferometer employing f r inges  of equal chromatic 
order.  
CHAPTER 11:r 
RESULTS AND DISC'USSIOl' 
A .  In t roduct ion 
Many skudies have been made of t h e  carbon monoxide decomposition. OR 
i ron  and iron-bearing mater ia ls ,  but  none have s tudied the  a t t a c k  of the  
i ron  by the  nascen.t carbon i n  the  e a r l y  s tages  of the  react ion.  A var.i.ety 
of products were reported t o  form a t  the onset  o r  during .the react ion.  The 
nucleat ion centers  f o r  the  s o l i d  pro&ucts were not known,and the  r o l e  of 
t.he rnet,al i n  the  process was not  understood. These problems were t h e  ob jec t s  
of t h i s  research.  The approach was t o  s impl i fy  the system t o  a study of  t h e  
i n t e r a c t i o n  of high p u r i t y  CO wi th  v i r g i n  surfaces of high purity'  iron. s igg le  
c r y s t a l s .  
The e lec t ron  microscope was chosen f o r  the  a n a l y t i c a l  toc l .  Although 
the re  a r e  some a n a l y t i c a l  techniques more p rec i se  than e lec t ron  microscop,y, 
none i s  more v e r s a t i l e  f o r  studying the  s o l i d  metal phase. With t h i s  i n s t r u -  
ment t h e  f i r s t  s tages  of formation of a  s o l i d  phase product can be detec ted ,  
the  crys ta l lographic  loca t ion  on o r  i n  the  i ron  matrix can be determined., 
s p e c i f i c  crys ta l lographic  analys is  of individual  phases can be made, and 
the  mutual o r i e n t a t i o n  between a product c r y s t a l  and t h e  metal  matrix can 
be es tabl ished.  
Obviously, the  metal  has t o  be t h i n  enough f o r  e lec t ron  transmission 
i f  Zhe f u l l  p o t e n t i a l  of t h e  technique i s  t o  be u t i l i z e d  ( transmission 
microscopy a s  opposed t o  surface r e p l l c a  microscopy). Epi taxic  s i n g l e  
c r y s t a l  films of i ron  were, therefore ,  chosen f o r  t he  specimens. Such a 
specimen provides a surface of known or ien ta t ion  f o r  ~ e a c t i o n ,  1% a l so  
provides a matrix of Sow imperfection density i n  which products may develop 
without pert.urba,tion from g ra i i  boundaries , This matrix gives excellent  
standard re f lec t ions  iri the electron d i f f rac t ion  pa t te rns  from reacted 
1. Experimental Program 
To implement the  ob ject ives  of .this study, the  research was c a r r i e d  
out  i n  t he  following manner. 
The f i r s t  s t ep  was the  development of equipment and techriques f'or 
t he  seproduci'ble production of s ingle  cryscal  i ron f i b s  i n  u l t r a  high 
vacuum. The f i lms had the (001) plane of a- i ron p a r a l l e l  Lo the film plane. 
The technique f o r  yeacting tihe f i lms i n  the  same system i.n which they 
were growr~ was d eveloped next . Wl thout exposure t o  the  a i r ,  the  r e a c t  lor. 
could be seudiea i n  -t!,e absence of s ign i f ican t  surface contamination which 
inevi tably  forms even i,x; vacuum to  t o r r .  Although the surfaces were 
not considered atomically cleac,  they w e r e  f r e e  of any stgnificant surface 
compoucds . 
Fina l ly ,  techniques f o r  handling and analyzing the  reacted f i lms 
were developed. 
0 
The temperatme range from 250 to 550 C was chosen f o r  study Gecadse 
11 coder s the impor ;ant region i n  which t he  mac~oscopic r e a c t i v i t y  of t he  
0 
CO decomposition on i ron  i s  increasing,  Also, the highest temperature 550 C 
rovr2esponds -ko che maxh~lm kemperature experimentally feas ib le .  The tempera- 
.?.sl-re l:i.mitation i s  due t o  t'he s.u'bli.mat o;.  of ,Lh.e NaCl subskrates . 
A number of t r i a l  experiments were made a t  various pressures,  times, 
The experimental parameters a r e  tabula ted i n  A.ppendix D. The tables  
c o ~ t a i n  t-he per t inen t  informa.tior1 f o r  the  temperatures and pressures at. 
and temperatures t o  determine the combinations which w o ~ i d  y i e ld  su f f i c ien t  
product f o r  d e f i n i t e  e lec t ron microscopic analys is .  The t r i a l s  a l so  served 
i n  f i n a l i z i n g  t he  experimental techniques. The f i r s t  sa t i s fac to ry  run 
0 (RW 49) was made a t  350 C f o r  1 hour under 1,000 p (1 p, = lom3 t o r r ) .  T'he 
experiment indicated t h e  presence of a s ing le  reac t ion  product (a  carbide) 
and proved i n  i t s e l f  t h a t  pure i ron  i s  a c a t a ly s t  f o r  the decomposition of 
carbon monoxide. The CO had t o  decompose on the  surface,  and t h e  nascent 
carbon had t o  diff'use t.o the i n t e r i o r  of the  matrix ~r order t o  form the  
carbide,  The process i s  opposed t o  t h a t  of  d i r e c t  formation of a carbide 
molecule a t  an exposed i ron surface. !J%e observation i s  a l so  contrary Lo 
' ne  proposal t h a t  an iron compound must a c t  as  t he  ca t a ly s t  s ince  none was 
present  p r i o r  t o  CO exposure. Iron has,  of course, been p ~ s t u l a t ~ e d  a s  a 
s i ~ f f i c i e n t  c a t a ly s t  before,  but  i ~ o n  has not previous Ly been subjected t o  
r eac t ion  in as  clean a condit ion as  tha t  used f o r  the  present  experiments, 
Many o ther  compounds have been suggested as  the cataiysr  i n  opposit ion t o  
i ron  ac t ing  i n  a c a t a l y t i c  capacity,  Much more w i l l  be sa id  coccerning the  
nature  o r  the  ca ta lys t  and the mechanism of the overa;, reaction through the 
course of .the disc.ussi.on. 
The reacZ;i.on program i.s out l ined i n  Table 3. I n  re t rospec t ,  :it :i. 
evident: t h a t  extensive study using t i m e  a s  the s ingle  vari.able would be 
proPl.tabl.e, However, the  occurrence of a un.iform prottuct p a r t i c l e  s i z e  
f o r  individual  runs had t o  be est;abli.shed before it could be surmised -that, 
t ime-varied :reactions could y i e ld  reasonable kl.net-ic data. 
2. Fol-m of the  Experimental Dat;a 
Ta'ble 3, Reaction kicheaule 
Reaction Temperature Pressure Reaction 
Number Run O C /@ Co Period 
Control 
?I hour 






3 2 hours 
1 ,000 I hour 
1,000 *I hour 
1,000 6 hours 
5 I hour 
**Control Run 1 hour 
**Control Run 6 hours 55 minutes 
1,000 1 hour 5 minutes 
f i l m  ( a s  made and pxe-treated f o r  ~un) 
*Reaction followed by an 8 hour annealing period at  t he  react ion 
temperature 
**Control Runs were made i n  the absence of C O O  
p o i n t s  of time during the  various phases of tihe experi.merits. A , table i s  
given f o r  each run l i s t e d  i n  the  Reaction Schedule. I n  add i t ion  t o  t h e  
tempera.tures an.d pressuyes, summary data  a r e  given f o r  t h e  va r i ab le  t rans-  
former s e t t i n g s  used during the  d i f f e r e n t  phases of the  process.  From t h e  
information given i n  Chapter I1 and the  data of Appendix D ,  Lhe experiments 
could be duplicated.  Fur the r  informati.on about t h e  l e s s  c r i t i c a l  experiments' 
parameters can be obtained from the  l abora to ry  record books f o r  t h i s  projecf;  
whi.ch a r e  on f i l e  i n  t h e  Metallurgy Department. 
Electron micrographs and se lec ted  area  d i f f r a c t i o n  p a t t e r n s  cor~stit:.u.t.s 
.the raw prod-uct da ta .  The information i s  contained on 3" x 4" g l a s s  p l a t e ,  
photographic negatives.  I n t e r p r e t a t i o n  of con t ras t  e f f e c t s  i n  ,the e lec t ron 
micrographs cafi be complex. For extensive treatments of t'he sub jec t ,  r e -  
ferences  1, 2, and 3 should be consulted.  The area  of a  sample examined on 
a micrograph ranged from 3.2 t o  2,000 square microns. A l l  t he  information 
contained in the  micrographs concerning product p a r t i c l e  s i z e  and d i s t r i b u -  
t i o n  was reduced t o  numerical form and tabulated.  This information alorii  
wi th  sample micrographs f o r  each reac t ion  i s  presented i n  subsect ion C.:L. 
The s e l e c t e d  area  d i f f r a c t i o n  p a t t e r n s  contain ,the crystal1og~aph:i .c  
da ta  pe r t a in ing  t o  t h a t  por t ion  of  t h e  sample se lec ted  f o r  ana lys i s .  219 
p a t t e r n s  represent  a  r e c i p r o c a l  l a t t i c e  plane of  the  c r y s t a l s  analyzed. 
Maqy of the  SAD p a t t e r n s  and t h e i r  so lu t ions  a r e  discussed i n  subsect ion b.2. 
3. Accuracy of Selec ted  Area Di f f rac t ion  
The accuracy of t h e  se lec ted  area  e l ec t ron  d i f f r a c t i o n  technique 
has been discussed by Thomas ( I ) ,  Birsch,  e t  a l .  ( 2 ) ,  and Heidenre:i.ch ( 3 ) .  - d- 
The pr i .nc ipal  e r r o r  i n  the  technique r e s u l t s  from d i f f r a c t i o n  e f f e c t s  from 
per iphera l  w e a s  outside the selector apera t~m-e .  This error is caused by 
s p h e r i c a l  aber ra t ion  i n  t h e  ob jec t ive  lens .  I n  the present  inves t iga t ion  
it was easy t o  circumvent t h i s  problem. The d i f f r a c t i o n  pa t t e rns  se lec ted  
f o r  the  present  analys is  were obtained from areas remote from complicating 
f e a t x r e s .  A s  a  r e s u l t ,  no d i f f r a c t i o n  anomalies were developed i n  t h e  
p a t t e r n s .  
The accuracy i n  the  determination of in te rp lanar  spacings and angles 
us ing e lec t ron  d i f f r a c t i o n  i s  l e s s  than t h a t  poss ib le  by x-ray measurements. 
Under near ly  i d e a l  condit ions the  accuracy f o r  e lec t ron  d i f f r a c t i o n  i s  0 .1  
pe r  cent  (2) .  This value may r e a d i l y  degenerate t o  1 per cent ,  and by using 
l e s s  than des i rab le  specimens accuracies of only 2 t o  5 per cent  may not be 
unreasonable. With reasonable a t t e n t i o n  t o  machine maintenance, the  g r e a t e s t  
source of e r r o r  i s  l i k e l y  t o  be inherent  i n  the  sample i t s e l f .  
Problems were encountered due t o  f o i l  buckling and magnetic domain 
in ter ference .  The buckling changed the  angle of t h e  specimens wi th  respect  
t o  t h e  e lec t ron  beam s l i g h t l y  and t h e  magnetic domains tended t o  s p l i t  
d i f f r a c t i o n  spots .  However, using the  i r o n  r e f l e c t i o n s  i n  the  d i f f r a c t i o n  
p a t t e r n s  as standards,  t h e  accuracy of t h e  d-spacings were determined withio 
2 pe r  cent  of the  repor ted  values and usual ly  b e t t e r  than 1 per  cent .  This 
f i g u r e  corresponds we l l  t o  t h e  v a r i a t i o n  i n  t h e  values given by d i f f e r e n t  
authors a s  shown i n  the  t a b l e s  of Appendix B. Appendix B presents  t h e  
e lec t ron  and x-ray d i f f r a c t i o n  data  used i n  t h e  so lu t ion  of t h e  e lec t ron  
d i f f r a c t i o n  pa t t e rns .  
The angles between the  planes of cementite a s  observed i n  t h e  presect  
0 ana lys i s  were genera l ly  wi th in  2 of the  repor ted  values. Due to the  uniqde 
c h a r a c t e  r of a  s i n g l e  c r y s t a l  p a t t e r n  f o r  a  s p e c i f i c  compound, p o s i t i v e  
i d e n t i f i c a t i o n  of a  mate r i a l  i s  possible even when t h e  accuracy of individual  
measurements i s  no b e t t e r  than t h a t  described. The requirement i s  t h a t  t h e  
approximate so lu t ion  found 'by measuring in te rp lanar  spacings be compatible 
wi th  t h e  corresponding in te rp lanar  angles f o r  the  proposed c r y s t a l .  When 
there  I s  doubt about the  r e l i a b i l i t y  of t h e  machine constant ,  a t h i r d  check 
can be made by comparing Rela t ive  Reciprocal  L a t t i c e  Spacings. A computer 
program was w r i t t e n  f o r  t h e  ca lcu la t ion  of approximately 16,000 of these  
values f o r  cementite. For tunate ly ,  $he q u a l i t y  of t h e  e lec t ron  d i f  fract io:!~.  
p a t t e r n s  d id  not necess i t a t e  extensive use of t h i s  information. The program 
and generated data a r e  not included i n  t h e  t h e s i s  s ince  they a re  q u i t e  v.olumi- 
nous. Fne program and data  have been placed i n  permanent f i l e  i n  t h e  
Metallurgy Department. 
B.  Characterizat ion of t h e  Single Crys ta l  Films 
Considerable d i f f i c u l t y  was experienced i n  developing the  techniques 
f o r  producing s ing le  c r y s t a l  f i lms of i r o n  on a reproducible bas i s .  I n i -  
t i a l l y ,  the  conventional technique of evaporating i ron  from a tungsten baske.h 
placed approximately 8 centimeters above a cleaved NaCl s ing le  c r y s t a l  sub- 
s t r a t e  was used. The r e s u l t s  were discontinuous f i lms of poor o r i e n t a t i o c .  
An o r i e n t a t i o n  of the  (001) i ron  plane p a r a l l e l  t o  t h e  same plane of t h e  
subs t ra te  was sought. 
The next technique t r i e d  was su'blimation from t i g h t l y  wound c o i l s  
of 20 m i l .  i r o n  wire heated by passing a current  through them. The dis.tance 
from t h e  subs t ra te  t o  the  evaporation source was again 8 centimeters. The 
r e s u l t s  were promising and one very good s ing le  c r y s t a l  was produced i n  
t h i s  manner, but  r eproduc ib i l i ty  was very poor. The chief problem l a y  i n  
producing a continuous f i lm.  Changing t h e  subs t ra te  temperature was not 
benef ic ia l .  Making use of the  suggested technique of Matthews (122), t h e  
sublimating i ron  c o i l  technique was combined with the  pre-evaporation of a 
shor t  segment of i r o n  wire a t  a s u b s t r a t e  t o  source d is tance  of 1 centimeter. 
Success was not achieved by t h i s  combination e i t h e r .  The f i lms were gen- 
e r a l l y  discontinuous, and a s  a r e s u l t  t h e  f i lm segments were only moderateiy 
w e l l  or iented .  
The r e s u l t s  indica ted  t h a t  the  growth of t h e  f i lm was not r ap id  enough 
t o  f o r c e  t h e  f i lm t o  grow a s  a continuous l ayer .  Based on t h i s  knowledge, 
sublimation of an i r o n  wire c o i l  placed 2.5 centimeters above the  s u b s t r a t e  
was t r i e d  next.  It was found t h a t  a continuous f i l m  could be produced i n  
every t r i a l  following the  procedures described i n  Chapter T I .  I f  the  pro- 
cedures f o r  making the  i ron  c o i l  were c lose ly  followed, t h e  current  required 
t o  maintain a constant sublimation r a t e  f o r  each experiment was near ly  con- 
s t a n t .  Therefore, the  thickness of t h e  f i l m  could be control led  reasonably 
well .  I n d i r e c t  interferometer  measurements of the  f i l m  thickness were de- 
scr ibed i n  Chapter 11. The range of f i lm thickness used i n  t h i s  research 
was approximately 650 t o  1,300 A.  The majori ty of films had thicknesses 
estimated a t  1,000 i. The th inner  f i lms were used f o r  r eac t ion  experiments 
,t the  lower temperatures, and t h e  th icker  f i lms f o r  t h e  higher t e m p e r a t u r ~  
runs. !The th icker  f i lms  maintained b e t t e r  f i l m  i n t e g r i t y  a t  the  higher 
temperature where even an i n i t i a l l y  continuous f i l m  tends t o  separa te  anu 
agglomerate on prolonged treatment.  The th icker  f i lms ,  however, g ive  r i s e  
t o  poor d i f f r a c t i o n  p a t t e r n s  due t o  the  g rea te r  i n e l a s t i c  s c a t t e r i n g  of 
e lec t rons .  This phenomenon introduces i n t o  the  normal d i f f r a c t i o n  p a t t e r n  
Kikuchi l i n e s  as  exhibi ted  i n  Figure 18. A s i g n i f i c a n t  point  t o  be made by 
nresent ing t h i s  f i g u r e  i s  t h a t  the Kikuchj n a t t e r n  of t h e  f i l m  a t t e s t s  t n  

the  good qua l i ty  of t h e  f i lm ' s  c r y s t a l  s t ruc tu re .  However, t o  f a c i l i t a t e  
t h e  solut ion of pa t t e rns  from reacted f i lms t he  thirr,er f o i l s  were preferred.  
It was not  considered p r a c t i c a l  i n  the  present  investigat;.ion t o  o'b- 
t a i n  more precise  information regarding t he  thickness of t he  f i lms produced 
t o r  several  reasons. F i r s t ,  it was necessary t o  use f i lms of differen-t; 
thickness.  Second, the  f i lm  thickness var ies  from one region t o  another. 
Third, there  ex i s t  l o c a l  var ia t ions  in .  f i lm thickness,as w i l l  be demonstra.t,ed 
shor t ly .  
The exact, temperature of the  subst ra te  surface during vapor deposi- 
t i o n  was not  es tabl ished i n  t h i s  invest igat ion.  It was not the  purpose of 
t h i s  work t o  determi.ne t he  epi.taxic .temperature. 'This could be a formidable 
moblem i n  i t s e l f .  For t h i s  invest igat ion,  the  temperature of the  copper 
block subs t ra te  c a r r i e r  was monitored and t ha t  temperature used f o r  deposi- 
t i o n  which was found by t r i a l  t o  give reproducible i ron  s i r g l e  cryst.als.  
The temperature was approximately 4 5 0 ~ ~  and small variat-ions were not f o m d  
t o  be c r i t i c a l .  Such a value i s  cha rac t e r i s t i c  only of the  pa r t i cu l a r  
system used. The  variation in t he  reported ep i tax ic  temperatures found f n  
the  1i.terat.u-e was g rea te r  than 100°c. The di f ferences  a r e  considered the  
r e s u l t  of using d i f fe ren t  methods f o r  t he  measurement. The method developed 
fo r  measuring t he  subs t ra te  and f i lm temperature duri.ng annealing and reac- 
k ion  f o r  t h i s  research was discussed i n  Chapter 11. 
After  determining t ha t  r ap id  f  i b n  formation (w 400 i/min. ) was 
rlecessary t o  obta in  continuous f i lms reproducibly, work was s t i l l  required 
t o  bring the  o r ien ta t ion  of the  individual  f i lm  grains  i n t o  r e g i s t r y  and t o  
elimin.ate t he  majori ty of t he  l a t t i c e  defects .  It was found tha t  annea1:ing 
t he  f i lms f o r  half an hour a t  450'~ r e su l t ed  i n  good qua l i ty  s ingle  c ry s t a l s  
with t h e i r  (001) planes p a r a l l e l  t o  the  f i lm plane. I n  t he  following few 
paragraphs an. i l l u s t r a t e d  account w i l l  be presented of the forrna,tion o f  a 
s ingle  c r y s t a l  i ron  f i lm.  
A s i ng l e  c r y s t a l  f i lm  forms by the  growth of i n i t i a l i y  i so l a t ed  
nucle i  on a subs t ra te  surface.  These nucle i  impinge a t  an ea r l y  stage i f  
a good, contin.uous f i lm  i s  t o  be pl-oduced. Film development continues by 
the  growth and impingement of composite i s l ands  of nucle i  which r e s u l t s  i n  
a s t r uc tu r e  with many open channels. The channels a r e  f i l l e d  with deposit-  
ing mate r ia l  by the growth of t h i n  bridges and edge extensions. Imperfec- 
t i o n s  a r e  believed t o  be grown i n ,  s ince  i n  t h e  chancel s t r uc tu r e  adjacent; 
segments may be sligh.t;ly misoriented and unable t o  read jus t  before closure 
occurs. 
Using the deposit  ion techniques presented i n  Chapter 11, the sequen.ce 
?f growth of i ron  s ing le  c ry s t a l s  may be pic tured as follows. F igme  19 
shows a micrograph of t he  nuc le i  formed a f t e r  5 seconds of sublimation. 
f i e  f i n e  dispers ion of very small nucle i  (m 200 i n  diameter) i s  :required 
f o r  s ing le  c r y s t a l  f i lm formation as  proposed  by Matthews (122). Close 
examination revea l s  t h in  i s l e t s  of i ron  a1read.y impinging. Figure 20 shows 
a t y p i c a l  d i f f r a c t i on  pa t t e rn  of t he  same f i lm.  A high degree of t h e  proper 
or i .enta t ion i s  indicated although many nucle i  a r e  obviously randomly orien.2:ed.. 
Figure 21  i s  a lower magnification of the  same f i l m  showing t h e  dec0ratin.g 
e f f e c t  of t he  nucle i  f o r  t h e  cleavage s teps  of the  NaCl subs t ra te .  This i s  
not a new observation and only shows t he  preference o f  t h e  i n i t i a l  nuc le i  
f o r  formation a t  cleavage s teps .  
Figure 22 p ic tu res  a f i lm  a f t e r  15 seconds of evaporation. The f 5 . b  
was i n  a s tage  of joining compoun.d 'island chains t o  form the  channel s.truc'ture. 
Figure 19. I r o n  Nuclei Af ter  5 Seconds of Deposition 
Figure  20. SAD P a t t e r n  from a Film of I r o n  Nuclei Formed A f t e r  
5 Seconds of Deposition 
Figure 21. Subs t ra te  Decoration by I r o n  Nuclei Af te r  > Seconds 
of Deposition 
Figure  22. I ron  Film Af te r  15  Seconds of Deposi t ion 
The i n t e r n a l  f e a t u r e s  of the  complex i s l ands  a r e  we l l  i l l u s t r a t e d  i n  F i g ~ r e  
23. Figure 24 serves t o  i l l u s t r a t e  t h e  br idging between adjacent  segments 
across  the  channels.  It i s  s i g n i f i c a n t  t o  note t h e  perfec t ion  of t h e  matrix 
s t r u c t u r e  i n  each g r a i n  shown i n  Figure  24. This implies t h a t  l a t t i c e  i m -  
pe r fec t ions  i n  t h e  f i n a l  f i l m  a r e  introduced pr imar i ly  during the  c losure  
process.  The d i f f r a c t i o n  p a t t e r n s  of f i l m s  i n  t h e  complex i s l and  and 
channel s t r u c t u r e s  show a  considerable amount of  pe r fe r red  o r i e n t a t i o n ,  but  
s t i l l  a g r e a t  many g ra ins  a r e  randomly o r i en ted  o r  e x i s t  i n  secondary o r i -  
en ta t ions  of  l e s s e r  preference.  
F igures  25 and 26 a r e  t y p i c a l  examples of the  micrographs and SAD 
p a t t e r n s  obtained from continuous f i lms which had not been given the  anneal-  
ing  treatment a f t e r  deposi t ion .  The micrographs ind ica te  t h e  f i l m  t o  be 
made up of c r y s t a l l i t e s  of quest ionable o r i e n t a t i o n .  On t i l t i n g  t h e  speci-  
men i n  t h e  microscope, it was observed t h a t  the  con t ras t  between adjacent  
c r y s t a l l i t e s  was r e a d i l y  reversed ind ica t ing  the  two c r y s t a l h i t e s  t o  be of 
nea r ly  i d e n t i c a l  o r i e n t a t i o n .  I n  t h e  RCA e l ec t ron  microscope, defocusing 
t h e  ob jec t ive  l e n s  allowed t h e  magnetic domain s t r u c t u r e  t o  become dis- 
t inguishable .  A t y p i c a l  example i s  shown i n  Figure 27. Deviations i n  
Bloch Wall t r a c e s  a t  g r a i n  boundaries a r e  observed t o  be s l i g h t ,  i nd ica t ing  
t h e  boundaries t o  b e  very low angle.  The r e f l e c t i o n  spots  i n  t h e  SAD 
p a t t e r n  ( ~ i g u r e  26) a r e  observed t o  be s l i g h t l y  arced,  ind ica t ing  t h a t  the  
cons t i tuen t  c r y s t a l s  a r e  only s l i g h t l y  misoriented.  
The genera l  appearance of  a  SAD p a t t e r n  f o r  a  continuous unannealed 
f i l m  i s  c lose  t o  t h a t  expected f o r  a s i n g l e  c r y s t a l .  F igure  26 i s  t y p i c a l  
except f o r  the  r e f l e c t i o n s  of  a  second o r i en ta t ion .  The pos i t ions  of these 
occas ional ly  occurring r e f l e c t i o n s  a r e  i l i u s t r a t e d  i n  Figure  28 and marked 
Figure 23. Complex Island Stage i n  the Development of an Epitaxic 
I r o n  Single Crystal 
Figure 24. Channel Bridging 
Figure 25. Micrograph o f  an Unannealed I r o n  Film 
Figure 26. SAD P a t t e r n  from an  Unannealed I r o n  Film 
Figure  27. Over-Focused Micrograph Revealing t h e  Magnetic 
Domains i n  t h e  I r o n  Film 
Figure  28. Constructed D i f f r a c t i o n  P a t t e r n  of Two (001) Plane 
Or ien ted ,  I r o n  Film C r y s t a l s .  The second o r i e n t a t i o n  
marked w i t h  an a s t e r i s k  i s  r o t a t e d  45' t o  t h e  f i r s t .  
with an a s t e r i s k .  The secondary o r i e n t a t i o n  has an [001] zone ax i s  a s  does 
t h e  primary. The di f ference  i n  the  two i s  a 4.5' r e o t a t i o n  about the [001] 
axis.  The second o r i e n t a t i o n  was never a s  abundant a s  t h e  f i r s t  and was not 
always present  i n  t h e  unannealed f i lms.  The annealing process apparently 
el iminates i t  along wi th  t h e  establishment o f  near pe r fec t  r e g i s t r y  f o r  the  
o the r  subcrys ta ls .  
Figures 29,  30, and 31 a r e  good examples of t h e  f i lm q u a l i t y  capable 
of being produced by t h e  methods developed during the  present  research.  
From the  micrographs it i s  evident  t h a t  t h e  f i l m  i s  s ing ly  or iented .  The 
l a t t i c e  imperfections observed a r e  individual  d i s loca t ions  and d i s loca t ion  
sub-boundaries. The l a t t e r  a r e  exhibi ted  only i n  Figure 31-. After  anneal- 
ing  t h e  f i l m s ,  most d is locat ions  present  a r e  t i e d  up i n  networks such a s  the  
sub-boundaries. 
Figure 32 presents  a t y p i c a l  SAD p a t t e r n  o f  a  s i n g l e  c r y s t a l  i r o n  
f i lm.  The sharp spots  i n  the  regions of t h e  proper matrix r e f l e c t i o n s  f o r  
i r o n  a r e  t h e  a c t u a l  i ron  r e f l e c t i o n s .  The nearby diff'use spots  loca ted  a t  
s l i gh t ly  g r e a t e r  d-values a r e  due t o  an ep i t ax ic  oxide f i l m  which forms 
on t h e  i r o n  immediately on exposure t o  t h e  atmosphere. The sharp character  
of t h e  matrix r e f l e c t i o n s  i s  ind ica t ive  of  t h e  absence of misoriented r e -  
gions i n  the  i ron  f i l m .  More w i l l  be added t o  t h e  discussion of t h e  sur-  
face  oxide shor t ly .  
The surface  s t r u c t u r e  of the  i r o n  f i lms  a r e  d i sce rn ib le  i n  Figures 
29, 30, and 31. A mottled f e a t u r e  of t h e  surface i s  observable i n  a l l  
t h r e e  f i g u r e s .  On a smaller sca le ,  the  surface  i s  f i n e  textured.  Figure 
33 i s  a micrograph of a  surface  r e p l i c a  of t h e  f i lm from Reaction 9 (Run 5 2 ) ,  
This f i g u r e  shows t h e  mottled f e a t u r e s  of the  f i lms t o  be t h e  r e s u l t s  of 
Figure 29 .  Micrograph of an (001) I ron  Single  Crys ta l  Film of  
High Quali ty 
Figure 30. Micrograph of an (001) I ron  Single  Crys ta l  Film of 
High Q u a l i t y  

Figure  32. SAD P a t t e r n  of an (001) I ron  S ing le  Crystal Fi lm of 
High Quality 
F igu re  33. Micrograph of a Surface Replica on an I ron  S i n g l e  
Crystal  Film 
stepped and faceted  surface mounds. As noted i n  the  transmission micrographs, 
 he surface  character  of the  i ron  appears t o  be approximately t h e  same from 
one film t o  another a f t e r  the  i n i t i a l  annealing process. 
The surface oxide r e f e r r e d  t o  e a r l i e r  has been observed by other  
inves t iga to r s .  Schenck and Nacken (95) i n  s tud ies  of i ron  f i lms formed i n -  
s i d e  an e lec t ron  di f f rac tometer  found an oxide ( ~ e  0 ) f i l m  t o  form on the  
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surfaces  a f t e r  t h e  pressure  i n  t h e  system had been r a i s e d  t o  atmospheric. 
Such a treatment was repor ted  t o  immediately oxidize t h e  f i lms .  Rasigni (126) 
a l s o  observed t h a t  i r o n  f i lms a r e  not oxidized i n  high vacuum. Using the  
very s e n s i t i v e  technique of Low-Energy Electron Di f f rac t ion ,  Pignocco and 
P e l l i s s i e r  (114) found i r o n  t o  form small q u a n t i t i e s  of oxide a f t e r  ex- 
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posures t o  oxygen of  only 55 x 10 to r r - sec .  Less exposure genera l ly  r e -  
su l t ed  i n  only oxygen chemisorption. The point  being made i s  t h a t  oxide 
forms immediately on exposure of  i ron  t o  t h e  atmosphere. This event i s  un- 
avoidable i n  the  p r a c t i c a l  procedures required  t o  prepare specimens f o r  
e lec t ron  microscopy. 
The quest ion then a r i s e s  as  t o  what e f f e c t s  t h e  formation of the  
oxide f i l m  might have on the  reacted  specimens. I n  t h e  f i r s t  place,  graphi te  
and t h e  carbides of i ron  w i l l  not be e f fec ted  by exposure t o  a i r  a t  room 
temperature. Since these  were the  only products of t h e  CO reac t ion  f o r  
which any evidence was found, exposure should not e f f e c t  the  reac ted  f i lms 
except t o  oxidize  t h e  i ron.  None of  t h e  specimens can be d e f i n i t e l y  s t a t e d  
t o  have been oxide-free.  However, t h e  c h a r a c t e r i s t i c  p a t t e r n  of the  oxide 
was f requent ly  noted t o  be absent i n  some regions of t h e  f i lms .  The quant i ty  
of t h e  oxide present  appeared t o  vary. The tendency seemed t o  be toward t h e  
formation of a passive l ayer  of l imi ted  th ickness .  The oxide never became 
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th ick  enough t o  d i s t o r t  the  s t r u c t u r a l  f ea tu res  of the  i ron f i lm nor was 
double d i f f rac t ion  ever obserbed. I n  f a c t ,  f i lms were l e f t  i n  a i r  f o r  a  
period of approximately th ree  months following examination without any 
percep t ib le  increase i n  t h e  oxide. 
The oxide layer  appears t o  form ep i tax ia l ly  as  a  very thin,  closely 
adherent film on the i ron  surface.  Figure 34 presents a  diagram of the  
r e l a t i v e  posi t ions  of the  i ron  and oxide r e f l e c t i ons .  The o r ien ta t ion  r e -  
l a t i onsh ip  between the  oxide and i ron l a t t i c e s  was Fe (001) [loo] ( 1  Fe 0  
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(001) El101 a s  has been previously reported by others  (127,128). The four  
s e t s  of  four  s a t e l l i t e  r e f l e c t i ons  i n  the v i c in i t y  of t he  i ron  {110] spots 
do not l i e  i n  the same plane of rec ip roca l  space a s  the  other  re f l ec t ions .  
these  spots a re  a t t r i bu t ed  t o  the  Fe304 [3 l l )  and 1511) planes whose re-  
f l e c t i o n s  l i e  one-quarter o f  the rec iprocal  l a t t i c e  c e l l  dimension o f f  the 
(001) rec ip roca l  l a t t i c e  plane of the oxide. If the  oxide f i lm i s  very 
t h in ,  then the  rec ip roca l  l a t t i c e  points  a r e  elongated p a r a l l e l  t o  the  
e lec t ron beam. This lengthening coupled with buckling of the  i ron  fi lm can 
qu i te  e a s i l y  account f o r  sa t i s fy ing  t h e  d i f f r ac t i on  conditions f o r  the C3l i j  
and [511] oxide re f lec t ions .  Figure 35 shows a  SAD pa t te rn  which includes 
t h e  anomalous oxide re f lec t ions .  These r e f l e c t i ons  show up very we l l  and 
it  i s  apparent from the  incomplete i ron  pa t t e rn  t h a t  the  area  of the  sample 
giving r i s e  t o  d i f f r a c t i on  was t i l t e d  with respect  t o  the incident  e lec t ron 
beam. 
The phenomenon j u s t  discussed gives a  pa t t e rn  s imi lar  t o  the  twin 
pa t t e rns  obtained from face  centered cubic mater ia ls .  The f a c t  t h a t  the  
ex t ra  spots a r e  not  produced by an anomalous i ron  s t r uc tu r e  o r  by double 
d i f f r ac t i on  can be proven geometrically. In  order f o r  t he  i ron ma,t;rix t 
Figure  34. Constructed Compound Di f f rac t ion  P a t t e r n  from an Oriented 
Fe O 4  Film Overgrowth on an (001) Single  Crys ta l  I r o n  
F i?m 
Figure 35. SAD P a t t e r n  Illustrating the  Compound P a t t e r n  Resul t ing  
from t h e  Overqrowth o f  Fe. 0 on the I ron  Single  C r y s t a l  
Films 3 4 
be  in s t rumen ta l  i n  producing t h e  s e t s  of four  s a t e l l i t e  r e f l e c t i o n s ,  t he  
d iagonals  of each s e t  would have t o  c ros s  a t  t he  {110] i r o c  spo t s .  In- 
s t e a d ,  t he  s a t e l l i t e  spo t s  a r e  symmetr ical ly  placed about t h e  {400] oxide 
r e f l e c t i o n s  and a r e  s o l e l y  r e l a t e d  t o  oxide d i f f r a c t i o n  e f f e c t s .  
The cha rac t e r i zed  d i f f r a c t i o n  e f f e c t s  introduced by t h e  oxide film 
can be d is regarded  i n  t h e  a n a l y s i s  of SAD p a t t e r n s  from r e a c t e d  f i l m s ,  
'fie p r i n c i p a l  type of c r y s t a l l o g r a p h i c  de fec t  p re sen t  i n  t h e  i r o n  
f i l m s  during r e a c t i o n  was t h e  d i s l o c a t i o n  sub-boundary. The majoriky of 
t h e s e  boundaries tended t o  be s t r a i g h t  and t o  have approximately < 110 > 
t r a c e s  i n  t h e  p lane  of t h e  i r o n  f i l m s .  Genera l ly ,  t h e  i n d i v i d u a l  d i s l o c a -  
t i o n s  maklng up these  boundaries  could ~ o t  be reso lved  i n  t h e  e l e c t r o n  
microscope without  t i l t i n g  t h e  specimens through l a r g e  ang le s .  The d i s l o -  
catiofi l i n e s  overlapped and l a y  i n c l i n e d  t o  t h e  f i l m  p lane ,  The r e s u l t s  
were wa l l -  of d i s l o c a t i o n  l i n e s  which were perpendicular  t o  t h e  sur face .  
I n  a n  e f f o r t  t o  rninmize t h e  t o t a l  d i s l o c a t i o n  energy, many of t h e  o r i g i n a l  
d i s l o c a t i o n s  i n  a  depos i ted  f i l m  were a n n i h i l a t e d  by migra t ion  t o  t h e  f i l m  
su r f  a c ~  during t h e  a lneal ing process .  
A p l a u s i b l e  explana t ion  f o r  t h e  l i n i n g  up of  d i s l o c a t i o n s  i n  t h e  
r e g u l a r l y  spaced and d i r e c t e d  sub-boundaries i s  minimizat ion of t h e  m i s f i t  
s t r a i n  between t h e  l a t , t i ce s  of t h e  s u b s t r a t e  and the  overgrowth. In  t h e  
absence o f  m i s f i t ,  it might be expected t h a t  nea r ly  a l l  d i s l o c a t i o n s  i n  
t h e  f i l m  would be e l imina ted  during t h e  annea l ing  process .  Analogous me- 
chamisms f o r  t h e  r e l i e f  of overgrowth s t r a i n  have been r epor t ed  (104). 
Following t h e  development of t h e  equipment and procedures f o r  pro- 
ducing t h e  (001) i r o n  f i l m s ,  a t t e n t i o n  was d i r e c t e d  t o  growing (011) and 
(111) Lype f i l m s  . The s u b s t r a t e  p repa ra t ion  and subl imat ion  techniques  were 
deswibed i n  Chapter :TI. The only d i f ferences  i n  t h e  procedures used i n  
t h e  attempts t o  make (011) and ( l l l j  f i lms  from those used f o r  (001) f i lms 
were i n  t h e  preparat ions of the  subs t ra tes  and i n  t h e  subs t ra te  .C;emperat.ures 
used during 'the deposi.tions . Three d i f f e r e n t  temperatures were used f o r  
each film orie:,tation type. The r e s u l t s  of" these  experiments a r e  shown i n  
Figures 36 and 37. Typical micrographs and SAD pa t t e rns  were se lec ted  
from the  b e s t  experimental runs.  
!The experiments and the  corresponding temperatures of t h e  subs t ra te  
c a r r i e r  chosen. t o  i l l u s t r a t e  the  r e s u l t s  obtained f o r  (011) type f i lms were: 
Rurl 4 1  (43b0c), Run 45 (489 '~) ,  and Run 46 (401°c). S imi lar ly ,  f o r  (111) 
type f i lms ,  ,the experiments were: Run 50 (407Oc), Run 58 ( 4 4 6 O ~ ) ,  and Run 
59 (489'~) a The experimental d e t a i l s  f o r  these  runs may be found in  the  
research record  books f o r  t h i s  project; which a r e  on f i l e  i n  the  Metallurgy 
i~epartmerxt . From the  e lec t ron  micrographs it was evident t h a t  the t;echr,.iq~e S 
u s  e d d e v e l o p e d  continuous f i lms f o r  a l l  the  condit ions inves t igated .  
However, i n  no case was a good s ing le  c r y s t a l  prepared o f  t h e  o r i e n t a t i o n  
sought. On t h e  b a s i s  of t h e  resul.t;s from these  experiments,  reason.able 
predic t ions  may be made concerning the  likelyhood of obtaining good qua1it.y 
i ron  s ing le  c r y s t a l  f i lms of t h e  (011) and (111) or ien ta t ions .  
The r e s u l t s  of the  t r i a l s  t o  form (011) f i lms showed t h a t  a l ayer  
f deposit; I gra in  th ick  formed which was composed of q u i t e  separa te  cry-  
s t a l l i t e s  . The o r ien ta t ion  of adjacent  g ra ins  d i f f e r e d  considerably. There 
appeared t o  'be severa l  preferred  type o r ien ta t ions  which formed on the  (011) 
rock s a l t  surfaces .  L i t t l e  random o r i e n t a t i o n  ex i s t ed  among the  gra ins .  
Surprisin.gly, ,the (111) type o r i e n t a t i o n  was qu i t e  prevalent .  The pre-  
f e r r e d  o r i e n t a t i o n s  represented averages,and the re  was considerable scatLel-- 
Figure 36. Typical Micrographs and SAD Pa t t e rns  from Iron Films 
Formed on (011) Plane Faces of NaCl a t  Difgerent 
Temperatures ; ( a )  and (bJ f r o m  Run 46 (401 C )  ; (c )  
and Ad) f r o m  Run 41 (434 c ) ;  ( e )  and ( f )  from Run 45 
(489 c) 
Figure 37. Typical Micrographs and SAD Pa t t e rns  from I r o n  Films 
Formed on (111) Plane Faces of NaCl a t  Difgerent  
Temperatures; ( a )  and (bd from Run 50 (407 C ) ;  ( c )  
and Ld) from Run 58 (446 C ) ;  ( e )  and ( f )  from Run 59 
(489 c )  
in.g of gra in  o r i en ta t ions  around the  so-cal led preferred  posi t ions .  The 
lowest temperature gave the  b e s t  (011) epitaxy.  However, i t  i s  do.ubtfu1 
t h a t  s ing le  c r y s t a l s  of t h e  (011) type can be made without c0nsid.erabl-y 
mo:e technique development. The r e s u l t s  were much l e s s  promising than 
those found a t  t h e  ou t se t  of t h e  work t o  prepare (001) type f i lms .  
Some r a t h e r  pecu l i a r  observations were made i n  t h e  t r i a l s  t o  form 
\111) ty-pe s ingle  c r y s t a l s  of i ron .  A t  t he  lowest subs t ra te  temperature 
a  near s ing le  c r y s t a l  f i l m  of t h e  (001) ty-pe was formed instead. of .the (11~) 
type expected on a  (111) NaCl face .  A t  the  intermediate tempe:rature, g ra ins  
a s  l a rge  a s  1 square micron of a (311) f i l m  plane o r i e n t a t i o n  were formed 
i n  addi t ion  t o  the (111) type. The g ra ins  had a  10' angle of s c a t t e r  
around the  two zone axes a s  evidenced by t h e  arc ing of t h e  r e f l e c t i o n s  i.1, 
t h e  SAD pa t t e rns .  A t  t h e  highest temperature, (120) plane or iented  gra ins  
were common as  we l l  a s  t h e  (111) type. Again the  r e f l e c t i o n s  were arced. 
The v a r i e t y  of r e a d i l y  formed c r y s t a l  o r i en ta t ions  on the (111) rock s a l t  
surfaces  ind ica tes  t h a t  it would be extremely d i f f i c u l t  t o  form a  s ing le  
c r y s t a l  i ron  f i lm of the  (111) type. 
C. Analysis of t h e  Reacted Single Crys ta l  Films 
This sec t ion  contains the  experimental r e s u l t s  and t h e i r  discussion. 
f o r  t h e  react ions  and treatments gi.ven the  i r o n  s i n g l e  c r y s t a l  f i lms.  The 
experiments were ou t l ined  i n  t h e  Reaction Schedule of Table 3. 
The physica l  p i c t u r e  of t h e  reacted  f i lms w i l l  be presented f i r s t  
i n  subsection C . l .  This subsection w i l l  contain. t y p i c a l  micrographs from 
each experiment. It w i l l  a l s o  include summary t a b l e s  and graphs which trea.b 
t h e  data  ex t rac ted  from a l l  the e lec t ron  micrographs taken from reac,ted 
 specimen.^ . 
The next  subsect ion ( c .2 )  w i l l  t r e a t  a l l  t.he e l ec t ron  d i f f r a c t i o n  
data  obtained from t h e  reac ted  i r o n  f i lms .  This top ic  w i l l  be covered 
p r i o r  t o  aL l  o ther  d iscuss ion i n  order  t o  emphasi.ze what r e a c t i o n  products 
do form and t o  s impl i fy  the  l a t e r  t reatments.  The remaining sub jec t s  wi1.L 
be  covered i n  an order  r e l a t i n g  t o  t h e i r  occurrence i n  t h e  physi.ca1 phenomena 
s tudied .  
The nuclea t ion  of the  f i r s t  formed s o l i d  product w i l l  be considered 
1.n subsection. C.  3. The remaining subsect ions w i l . 1  d iscuss  t h e  foll.owing 
.topics : ,the morphology of tihe growing p r e c i p i t a t e  ~ a r t ~ i c l e s ,  t h e  mecha-qism 
of pa r t t i c l e  growth, the  e f f e c t  of  CO pyessure on the  development of t h e  
s o l i d  phase reac t ion ,  t h e  experiments of ex t;ended dura t ion ,  and the  add:i. - 
t i o n a l  informat ion obtained from ex t rac t ion  r e p l i c a s .  
1. Elect ron Micrographs and Reduced Data 
Typical  elec-tron micrographs have been se lec ted  t o  represent  each 
Reaction l i s t e d  i n  the  schedule of Table 3. A t  t h e  end of each group of 
micrographs a tabulat ion.  i s  presented containring the p e r t i n e n t  da ta  regard- 
ing  each mi.crograph and SAD p a t t e r n  taken of t h e  specimens f o r  t h a t  r eac -  
t i o n .  A considerable amount of information i s  given i n  the  t a b l e s  f o r  each 
p l a t e .  The e n t r i e s  i n  the  t a b l e s  warrant some explanation. The f i r s t  
c o l m  contiains the  assigned photographic p l a t e  number of t h e  orig:i .nal 
negative.  The next p a i r  of columns contain t h e  image magnificat ions on 
the  o r i g i n a l  nega-ti.ve and on t h e  8" x 10" p r i n t  a c t u a l l y  used f o r  making 
measurements. A l l  t he  p r i n t s  a r e  on f i l e  i n  the  Metallurgy Departmen.t. 
The next column gives the  number of inches i n  the  8" x 10" p r i n t  which 
corresponds t o  1 micron on ,the sample surface .  The fol lowing c o l m  in.di- 
cakes t he  number of square i.nches corresponding t o  1 square micron of' the  
sample on the  8" x LOf9 p r i n t .  This information i s  followed by the "Rota~t,:io.r 
Angle" specif ing the numbel- o f  degrees which the specimen image has been 
ro t a t ed  wiLh respect  t o  the  SAD pa t te rn .  The photographi.@ p l a t e s  were 
graded on ar, A through F sca1.e based on the combi.ned merits  of the  in for -  
mation contained i n  them and on t h e i r  photographic qual i ty .  These grades 
a re  presented i n  column 7. Column 8 contains the  values f o r  the  areas 
p ic tured i n  each micrograph i n  square microns. The next column 1.i.sts t,he 
number of p r ec ip i t a t e  p a r t i c l e s  p ic tured in. each micrograph. This infor-  
mation i.s foliowed by t he  p r ec ip i t a t e  densi ty  ca lcula ted as  p r ec ip i t a t e s  
pe r  square mi.cr,on of the  i ron f i lm examined. Column 1 1 l i s t s  the  s i z e  range 
of t he  p r ec ip i t a t e s  pictu.red i n  t h e  micrograph as based on t h e i r  projected 
areas .  The l a s t  colwnn presen,Ls t he  distance ranges between adjacent pre-  
cipi.t;atie p a r t i c l e s  p ic tured i n .  t he  micrographs. 
Following the presenta t ion of the  micrographs and reduced data 
t ab l e s ,  summary tab les  and graphs a r e  p ~ e s e n t e d .  These w i l l  f a c i l i t a t e  
l a te r  disc-ussions . 
Electror! micrographic data  from Reactions 14 and 16 a r e  not i.ncl.uded 
i n  t he  following presentat ion.  The information regarding Reaction 16 was 
presented i n  Section B, and tha.t f o r  Reaction 14 w i l l  be t r e a t ed  i.r~ sub- 
sec t ion  C .7. 
a.  The P rec ip i t a t e  Size  Measurement;. A l l  Che p r ec tp i t a t e  crys ta:ls 
and .the p r ec ip i t a t e  nuc le i  which were pic tured i n  the  e lec t ron  mi.crographs 
of t h i s  work were measured. Since it was not poss ible  t o  ca lcu la te  a  volme 
f o r  the  p r ec ip i t a t e s ,  the  projected area  of each p a r t i c l e  i.n the plane of 
the f i lm was measured. The purpose of t h i s  e f f o r t  was t o  i l iu . sk ra te  the  
varying degrees of a t t a c k  sus ta ined by the  i ron  s i n g l e  c r y s t a l  f i lms  under 
t h e  d i f f e r e n t  r eac t ion  condit ions.  The i r o n  f i lms were very t h i n  i n  com- 
par ison with t h e  mean f i l m  plane dimension of t h e  p r e c i p i t a t e  p a r t i c l e s .  
The transmission micrographs indica ted  the  p r e c i p i t a t e s  t o  be p l a t e l e t s  
i n  t h e  plane of t h e  f o i l .  The ex t rac t ion  r e p l i c a s  a l s o  ind ica ted  t h e  
p a r t i c l e s  t o  approximate p l a t e s  embedded i n  the  f i l m  matrix. The p a r t i c l e  
area  should then be roughly propor t ional  t o  t h e  a c t u a l  p a r t i c l e  volume. 
The s i z e s  of the  p a r t i c l e s  f o r  each ind iv idua l  run d i d  vary approximately 
an order  of magnitude. Therefore, an average of t h e  s i z e s  over a  l a r g e  
number of p a r t i c l e s  per  experiment was requi red  t o  ob ta in  a  reasonable 
quant i ty  f o r  r e l a t i v e  p r e c i p i t a t e  s i z e  comparisons from one experiment t o  
another .  
The p r e c i p i t a t e  s i z e s  were measured by taking t h e  average of t h r e e  
planimeter a rea  measurements per  p a r t i c l e  made on t h e  8" x  10" micrograph 
p r i n t s .  The average was reduced t o  the  corresponding number of square 
microns and t abu la ted .  For p a r t i c l e s  with s i z e s  wi th in  the  e r r o r  of the  
planimeter  measurement, the  mean dimension of t h e  p r e c i p i t a t e  w a s  de te r -  
mined and t h e  value squared and reduced t o  square microns. 
b .  The P r e c i p i t a t e  Density Measurement. When re levan t ,  t he  p rec ip i -  
t a t e  dens i ty  was ca lcu la ted  f o r  each e lec t ron  micrograph taken. The opera- 
t i o n  was simply t o  d iv ide  t h e  number of p r e c i p i t a t e s  observed by t h e  a rea  
of t h e  sample p ic tu red  i n  each micrograph. The r e s u l t  then p r e c i p i t a t e s  
per  square micron of projec ted  area  i n  t h e  f i lm plane. The "Typical" values 
given i n  the  summary t abu la t ions  f o r  each reac t ion  do not  necessa r i ly  repre-  
sent  t h e  average ca lcu la ted  from a l l  the  micrograph values. These were n.ot 
genera l ly  r ep resen ta t ive .  Large a reas  a r e  requi red  f o r  proper a n a l y s i s -  
Therefore, the  " ~ p i c a l "  values represenb judgments which were made based 
on ex teEs i re  sample viewing i n  the e l ec t ron  microscope a s  we l l  a s  the  c a l -  
cu la t ions  from th.e micrographs. For t h e  r eac t ions  i n  which only a few 
prectpita-Les were observed and f o r  r eac t ions  i n  which the  p r e c i p i t a t e s  were 
sma?L r~u-clei ,  considerable e r r o r  may be expected. 
c. Micrographs and Reduced Data Tables. The t y p i c a l  t ransmission - 
e lec t ron  micrographs of the  i r o n  s ing le  c r y s t a l s  examined i n  t h e  r e a c t i o n  
studi.es a r e  presented i n  t h e  fol iowing pages ( ~ i g u r e s  38 through 1.00). !me 
m5crographs f o r  ind iv idua l  experiments a r e  grouped together .  Each group 
w i l l  'be preceded by a cover page s t a t i n g  the  corresponding Reaction nimber 
and t h e  experimental condi.tions. Also, each group i s  followed with the  
t a b l e  of  da ta  ex t rac ted  from a l l  the  micrographs taken of  the  samples from 
t h e  experiment ( ~ a b l e s  4 through 17) .  The micrographs were made i i ~  a J E M  7 
i n s  tu.umenk as ing  a 100 KV acce le ra t ing  p o t e n t i a l .  
Reaction 1 
(250°C, 1,000 p CO, 1 hour) 
Figure 38. Reaction Product Nucleation Sites 
Figure 39. Reaction Product Nucleation S i t e s  

Figure 41. Reaction Product Nucleation S i t e s  
Figure 42. Reaction Product Nucleation S i t e s  
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Table 4. R u n  a t  250°C f o r  One Hour at  1,000,~ CO ( ~ u n  60) (continued) 
P l a t e  Nagnif i c a t i o n  
No. P l a t e  P r in t  
Distance 
Ppt.  Ppt. Range 
Bo t a t i on  P l a t e  No. Density Size Between 
1 A 1 ,fi Angle P l a t e  Area of Ppts. Range Ppts. 
(in) ( in2)  (Ocl/ccl) Grade (p ')  P p t s .  /uk ( j l f  ) 
2.0 20.5 c c l  A 
*N - Numerous 
Typical P r ec ip i t a t e  Population Density = 0.4 ppts ./,& 
Average P rec ip i t a t e  P ro j  ected Area Size= 0.018,u2 
DistanceRangeBetweenErecipitates = 0 . 1 5 t o  1.8,~ 
Reaction 2 
(250°c, 1,000 p CO, 2.5 hours) 

Figure 45. Cementite Nucleation Center 
Figure 46. Cementite Nucleation Centers 
Figure 47. Cement it e Nuclei 
Figure 48. Cementite Nucleus 
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Reaction 3 
( 3 2 0 ' ~ ~  1,000 p CC , 1 h ~ w )  

Figure 51. Cementite P r ec ip i t a t e  Pa r t i c l e s  
Figure 52. Faulted Cementite P r ec ip i t a t e  P a r t i c l e  
Figure 53. Faulted Cementite P r ec ip i t a t e  P a r t i c l e  
Figure 54. Cementite P r ec ip i t a t e  Pa r t i c l e s  




P p t .  
Rotat ion P l a t e  No. Density 
Angle P l a t e  Area of Ppts.  
( ~ c l / c c l )  Grade ( p 2 )  Ppts .  ,A2 
Ppt. 
Size 
P l a t e  Magnification 
No . P l a t e  P r i n t  Range ( p2 ) Ppts. (P ) 
SAD of 5449 
27,000 69,000 
SAD of 5451 
35,000 go,  000 
SAD of 5453 
27,000 69,000 
SAD of 5455 
24,000 62,000 
31.5 eel A- 
D- 
35.5 c c l  C- 
A 
3 1 . 5 ~ ~ 1  A- 
A 
2 9 . 5 ~ ~ 1  B 
5456 SAD of 5455 
5457 3,600 9,200 0.36 
A+ 
c c l  B+ 
B 
5459 SAD of 5460 
5460 45,000 120,000 





O M *  
a,. 
Reaction 4 
( 3 5 0 ' ~ ~  1,000 IJ. CO, 1 hour) 
'Figure 55. Fau l t ed  Cementite P r e c i p i t a t e  P a r t i c l e  
F igu re  56. Cementite P r e c i p i t a t e  P a r t i c l e  
Figure 57. Faulted Cementite P r ec ip i t a t e  P a r t i c l e  
Figure 58. Cementite P r ec ip i t a t e  Pa r t i c l e s  

Table  7. Run at  350°C f o r  One Hour a t  1,000 ,U CO (Run 49) 
Distance 
Ppt  . Ppt.  Range 
Rota t ion  P l a t e  No. Density S i z e  Between 
1 A  Angle P l a t e  Area o f  Ppts. Range P p t s  
(in) [C2) ( ' c l / cc l )Grade  o$) Ppts. ~2 ( p2.) (r P l a t e  Magnif icat ion No. P l a t e  P r i n t  
25,000 64,000 2.5 
SAD o f  501 3 
35,000 90,000 3.5 
26,000 67,000 2.6 
SAD of 5016 
26,000 67,000 2.6 
SAD of 501 8 
SAD of 5021 
43,000 110,000 4.3 
29,000 74,000 2.9 
27,000 69,000 2.7 
SAD of 5023 
23,000 59,000 2.3 
16,000 41,000 1.6 
SAD of 5026 
16,000 41,000 1.6 
30.5 c c l  
35.5 c c l  
31 c c l  
31 ccl 
39 c c l  
32.5 C C ~  
31.5 c c l  
29 c c l  
23 c c l  
23 c c l  
Table 7. Run a t  350°C f o r  One Hour a t  1 , 0 0 0 p  CO (Run 49) 
(continued) 
Distance 
Ppt. Ppt.  Range 
riotation P l a t e  No. Density S ize  Be tween 
F l a t e  Mawif i c a t i o n  l/cr Angle P l a t e  Area of Ppt f .  Range Ppts .  
No. P l a t e  P r i n t  ( i n )  [g2) ("c l /cc l )  Grade (,u~) Ppts .  ,pL ( p2) (,p 
27 c c l  
17 c c l  
32.5 c c l  
17 c c l  
17 c c l  
5034 DFof 5035 17 c c l  
17 c c l  
5036 SAD o f  5035 
Typical P r e c i p i t a t e  Population Density = 0.04 ppts./$2 
Average P r e c i p i t a t e  Projected Area Size  = 0 . 5 3 ~ 2  
Distance Range Between P r e c i p i t a t e s  = 0.8 t o  2 /' 
Reaction 5 
(350°c, 500 p C O z  i hour)  
Figure 60. Cementite P r ec ip i t a t e  P a r t i c l e  
Figure 61. Cementite P r ec ip i t a t e  P a r t i c l e  
Figure 62. Cementite Prec ip i t a te  P a r t i c l e  
Figure 63. S t r i a t e d  Cementite P a r t i c l e  

Table 8. Run a t  350°C f o r  One Hour a t  5 0 0 p  CO (Run 62) 
Distance 
Pp t .  Ppt. Range 
Density Size  Between Rotation P l a t e  No. 
P la te  Magnification 
No. P la te  P r i n t  ( i n )  i n  ) 
I r  {r;  Angle P la te  Area of Ppts. 





12,000 31,000 1.2 
SAD of 5469 
24,000 62,000 2.4 
20,000 51,000 2.0 
27,000 69,000 2.7 
SAD of 5473 
20,000 51,000 2.0 4 0 
20,000 51,000 2.0 4.0 
3,600 9,200 0.36 0.13 
3,600 9,200 0.36 0.13 
c c l  A 
B 
2 9 . 5 ~ ~ 1  Et 
27 c c l  B+ 
31.5 c c l  A 
A 
27 c c l  A+ 
27 c c l  E!+ 
- 0  A- - --- 0 A- 
Table 8. Run at 350" f o r  One Hour at 500p CO !3un 62) (continued) 
Typical Precipitate Population Density = 0.01 ~~ts./r" 
Average Precipitate Projected Area Size = 0 . 5 2 ~ ~  
Distance Range Between Precipitates = 1.9 to 1 8 ~  
Reaction 6 
(350~6, 100 p CO, 1 hour) 


Table 9. Run at 350°C f o r  One Hour at 100) CO (Hun 51) 
Distance 
Ppt. Ppt. Range 
dotation Plate No. Density Size Between 
Plate Iklagnif ication I,&: Angle Plate Area of Ppts. Range Ppts. 
No. Plate Print (in ) (~cl/ccl) Grade (P') Ppts. p2 (r2> 
20,000 51,000 2.0 
16,000 41,000 1.6 
SAD of 5076 
16,000 41,000 1.6 
12,000 31,000 1.2 
SAD - Typical 
13,000 33,000 1 . 3  
20,000 51,000 2.0 
35,000 90,000 3.5 
24,000 62,000 2.4 
29,000 74,000 2.9 
27,000 69,000 2.7 
SAD of  5090 
14,000 36,000 1.4 
16,000 41,000 1.6 














Table 9. 3un at 350°C for One Hour at 1OOp CO (~un 51) (continued) 
Distance 
Ppt .  Ppt. Range 
Rotation Plate No. Density Size Between 
Plate Magnification Angle Plate Area of Ppts. Range Ppts. 
110 . Plate Print ) 2 )  (Ocl/ccl)Grade ( p 2 )  Ppts. p2 (p2 (P ) 
20.5 ccl 
20.5 ccl 
Typical Precipitate Population Density = < 0.025 ppt~./~2 
Average Precipitate Projected Area Size = 0. 3 9 k 2  
Distance Between Precipitates = 2 . 4 ~  
Reaction 7 
(350°c, 5 p CO, I hour) 
Figure 68. A Product Nucleus Produced at 350'~ 
Figure 69. Sub-boundary Decoration by Product Nuclei 
Table 10. Run a t  350°C f o r  One Hour a t  5 p  CO ( R U ~  48) 
Distance 
Ept. P p t .  Range 
Rota t ion  P l a t e  No. J e n s i t y  S i ze  Bet ween 
P l a t e  1,lagnif i c a t i o n  ,14 Angle P l a t e  Area of E p t s .  Range Ppts .  9 2  
No. Y la t e  Er int  ( i n )  ( i n  ) (Ocl/ccl)  Grade (/A') Ppts .  p2 (p ' )  
12,000 31,000 1.2 
20,000 51,000 2.0 
30,000 77,000 3.0 
SAD of  4983 
12,000 31,000 1.2 
30,000 77,000 3.0 
20,000 51,000 2.0 
SAD - !Typical 
35,000 90,000 3.5 
SAD of 4988 
20,000 51,000 2.0 
SAD o f  4992 
1.4 17 C C ~  A 46 - -- -- -- 
4.0 27 C C ~  B+ 16 - -- - -- 
9 -0 33 c c l  B 7.2 1 -- 0.028 -- 
E 
1.4 17 C C ~  A 4  6 1 <0.02 0.01 
9.0 33 c c l  C 7.2 1 -- -- 
4 0 27 c c l  A 16 - -- - 
C 
3 5 . 5 ~ ~ 1  F 
.i' 
27 c c l  A 
I? 
35.5 c c l  B+ 
P r e c i p i t a t e  P ro j ec t ed  Area Size Range =<0.02 p2 
3eack,ion 8 
13500;~ 5 ?i, 2 hours) 
Figure 70. A Cementite P r ec ip i t a t e  P a r t i c l e  
Figure 71. Cementite P r ec ip i t a t e  Pa r t i c l e s  
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Reaction 9 
(45ooc, s,OOO p CO, 1 horn) 

Figure 73. P r e c i p i t a t i o n  a t  a Hole i n  t h e  I ron  Film 
Figure 7h- P r e c i p i t a t e s  Showing a  Variety o f  P a r t i c l e  Shapes 
Figure 75. A Faulted Cementite P a r t i c l e  of Nearly Hexagonal Shape 
Figure  76. A Cementite Particle of  Nearly Pa ra l l e l ep iped  Configurat ion 
Figure  77. A Cementite P r e c i p i t a t e  w i t h  e T e n t i c u l a r  P r o j e c t i n n  
F igu re  78. A View of Cement i te -Fer r i te  I n t e r f a c e s  
Figure 79. Cementite Grain Boundaries 
Figure 80. Cementite Formation Along a Line of Iron Film 
Discontinuities 

Table  12. Run at 450°C f o r  One Hour at 1 , 0 0 0 p  CO (Run 52) 
P l a t e  M a g n i f i c a t i o n  
No. P l a t e  P r i n t  
D i s t a n c e  
Ppt .  P p t .  Range 
R o t a t i o n  P l a t e  No. Densi ty  S i z e  Be tween 
1,~: Angle P l a t e  Area of Pp t s .  Range P p t s .  
( i n  ) ( ~ c l / c c l )  Grade ( p 2 )  P p t s .  p2 ( p 2 )  
29 c c l  E 
32.5 c c l  D 
23,000 59,000 2.3 
29,000 74,000 2.9 
SAD of 51 28 
7,500 19,000 0.75 0.56 6.3 cl A 115 
12,000 31,000 1 .2  1.4 17 C C ~  B- 46 
S t . P .  31,000 1.2 1.4 17 C C ~  B 4 6 
SAD of 5 1 29 
SAD of  51 34 
8,000 21,000 0.8 0.64 6.8 c l  
3,600 9,200 0.36 0.13 - 0  
5135 12,000 31,000 1.2 1.46 17 c c l  A 4 6 
51 36 7,500 19,000 0.75 0.56 6.3 c l  B+ 115 
5137 20,000 51,000 2.0 4.0 27 c c l  B- 16 
51 38 7,500 19,000 0.75 0.56 6.3 c l  A+ 115 
5139 16,000 41,000 1.6 2.6 23 c c l  B+ 25 
* P r e c i p i t a t e  Mass on a h o l e  i n  t h e  meta l  foil 
Table 12. at 450°C for One Hour at 1,000p CO (Bun 52) 
Distance 
Ppt. Ppt. Range 
Rotation Plate No. Density Size Between 
'P Angle Plate Area of lr 2 Ppts. Range Ppts. (in) (in ) (Ocl/ccl) Grade (re) Qts. pe (P ) 
Plate Magnification 







Typical Precipitate Population Density = 0.005 ppts./p2 
Average Precipitate Projected Area Size = 1 2 p  
Distance Range Between Precipitates = 0.72 to 15,u 
Reaction 10 
(450°c, 1,000 p CO, 1 hour, annealed) 

Figure 83. Graphite Nuclei i n  t h e  Vic in i ty  of a "Ghost Crys ta l"  
F i ~ r e  84. Re la t ive  Pos i t ions  of  a "Plate-Button" Formation and 
a "Ghost Crys ta l"  

Figure 86. A Bright Fie ld  Micrograph of  a Line of Specia l ly  
Oriented Graphite Lamellae 
Figure 87. A Dark F ie ld  Micrograph of a Line of Graphite ~ a m e l l a e  
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Table 13. Run a t  450°C f o r  One Hour Under 1,000,U CO Followed by 
Vacuum Annealing f o r  Eight  Hours ( ~ u n  65) (cont inued)  
Distance 
Ppt .  Ppt.  Range 
Rota t ion  P l a t e  No. Density Size  Be tween 
P l a t e  M a m i f i c a t i o n  ' P 1 Angle P l a t e  Area of Ppts .  Range Ppts .  
No, P l a t e  P r i n t  ( i n )  ( i n  ) ( O c l / c c l )  Grade (/") Ppts .  pZ ( p2) (P 
SAD of 5537 
SAD of 5540 
16,000 41,000 
1.1 1.2 15 c c l  B 54 
1.1 1.2. 15 c c l  A+ 54 
1.1 1.2 15 c c l  A 54 
4 4 I. I i .2 15 c c l  A 54 
D 
B 
1.6 2.6 23 c c l  A 25 
1 .6 2.6 23 c c l  C 2 5 
1.1 1.2 15 c c l  A 5 3 
C 
1.6 2.6 23 c c l  Et 25 
1.6 2.6 23 c c l  A 25 
Table 13. Run at  450°C f o r  One Hour Under 1 , 0 0 0 p  CO Followed by 
Vacuum h e a l i n g  f o r  Eight Hours (Run 65) (continued) 
Distance 
P P ~ .  Ppt. Range 
Rotat ion P l a t e  No. Density S ize  Between 
P l a t e  Mamif i c a t i o n  1 , u  Angle P l a t e  Area of Ppts. Range Ppts .  
No. P l a t e  P r i n t  ( i n )  i n  ) ( 'c l /ccl)  Grade (pZ) Ppt s .  pL (y2) (P ) 
S t .  P. 41,000 
15 c c l  
6.3 c l  
2,100 5,400 
SAD - Typical  
Typical P r e c i p i t a t e  Populat ion Density = 0.004 ppts./r2 
Inc luding  t h e  impressions l e f t  i n  the  i r o n  f i l m  by p r e c i p i t a t e s  having disappeared 
!Pypic&  h host Crystal"  ( G )  Pro jec ted  Area S i z e  and Range = 5.4 (3.1 - 8 . 7 ) ~ ~  
"Ghost Crys ta l"  i s  a name given the  impression l e f t  i n  an i r o n  f i l m  a f t e r  t h e  o r i g i n a l  p r e c i p i t a t e  
has disappeared. 
Table 13. Run a t  450°C f o r  One Hour Under 1,000fi CO Followed by 
Vacuum Annealing f o r  Eight  Hours ( ~ u n  65) (cont inued)  
Typical "Plate"  (P)  Pro j ec ted  Area S ize  and Range = 2.1 (0.6 - 3) ,& 2 
"Plate"  i s  a name given t o  t h e  con t r a s t  e f f e c t  i l l u s t r a t e d  i n  Figure 85 which appears  t o  be the  
r e s idue  of a former ca rb ide  p r e c i p i t a t e  which has  decomposed t o  carbon. The "Plate"  c a r r i e d  a 
g r a p h i t i c  lfButton" on i ts su r face  which apparent ly  r e s u l t s  from t h e  o r i g i n a l  carb ide  decomposition. 
(Pypical "Button" (B) P ro j ec t ed  Area S ize  and Range = 0.38 (0.25 - 0.7) ,U2 
Dis tance  Range Between P r e c i p i t a t e s  = 2 t o  12 ,&
Reaction 11 
(450°c, 1,000 p CO, 6 hours) 

Figure 89. Graphte Formation Proximate t o  an I r o n  Film Surface Step 
F i p r e  90. A "Plate-Button" Graphite Formation 
Figure 91. Cementite (001) Plane Stacking Faul ts  
Table 14. Run at  450°C for Six Hours at 1 , 0 0 0 ~  CO (m 64) 
Distance 
Ppt . Ppt. Range 
Rotation P l a t e  No. Density S i z e  Between 
Plate Magnification Angle P l a t e  Area of Ppts. Range Fpts. l f i 2  
No. Plate Print ) (in ) ('cl/ccl) Grade (,u2) Ppts-  p 2  (,rL (r )
29.5 ccl 
SAD of 5491 
17 ccl 
31 ccl 
32.5 ccl 29,000 74,000 





St. P. 51,000 
SAD of 5503 
16,000 41,000 23 ccl 
Table 14. Run at 450°C for Six Hours at 1,000,~ CO (Run 64) (continued) 
Distance 
Ppt. Ppt. Range 
Rotation Plate No. Density Size Between 
Plate Magnification 9 1 Angle Plate Area of Ppts. Range Ppts. 
No. Plate P r i n t  (in) (in ) (Ocl/ccl) Grade (p2) Ppts. pZ (/) (r ) 
5507 SAD of 5508 B 
5511 SAD of 5512 C+ 
5512 29,000 74,OO 2.9 8.4 32.5 C C ~  % 7.7 8 - 1 
5513 SAD of 5514 A+ 
5514 11,000 28,000 1.1 1 .2 15 C C ~  Bt 54 8 - 1  
5515 SAD - Special B- 
551 6 SAD - Special B- 
Note: 0 - Designation for cementite precipitates 
P - Designation for "Plate" type precipitates 
B - Designation for "Button" outcropping on "Plate" precipitates 
React ion 12 
(450°c, 5 IJ. CO, I hour) 
Figure 92. Sub-boundary Decoration with Product Nuclei 
Figure 93. Sub-boundary Decoration with Product Nuclei 


Table 15. Run at 450°C f o r  One Hour at 5 , ~  CO 55) 
- - - - - -  - -  -- - - - - 
Rotation Plate 
Plate Magnification 1 1  Angle Plate Area 
No. Plate Print ( 1x1 (Ocl/ccl) Grade 











3,600 9 200 













Typical Precipitate Population Density = 3 to 15 nuclei/p2 
Average Precipitate Projected Area Size = up to 0.006b2 
Distance Range Between Precipitates = 0.03 to 0 . 5 p  
React ion  13 
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(5500~, 1,000 p GO, 1 hour) 
F-' ! 
Figure 97. Decomposed P r e c i p i t a t e  Crys ta l s  on a Hole i n  the  I ron  Film 
Figure 98. Faul ted  Cementite P r e c i p i t a t e  C r y s t a l  
Figure 99. P a r t i a l l y  Decomposed Cementite P a r t i c l e  







Table 17. Run at 550°C for One Hour at 1,000,~ CO (~un 54) (continued) 
Distance 
Ppt. Ppt. Range 
Rotation Plate No. Density Size Between 
Plate Idamif ication Angle Plate Area of Ppts. Range Ppts. 
No. Elate Print tc) lg2) (Ocl/ccl)Grade ( p 2 )  Ppts. ,u2 ( p') (P ) 
*Partial cementite particle; the remainder apparently decomposed. 
Typical Precipitate Population Density = 0.002 ppt~./'~ 
Representative Precipitate Projected Area Size = 51,u2 
Distance Bange Between Precipitates = 0 to 1 2 ~  
. , ~  
d. Summary Tables and Graphs. Summary .tables of t h e  reduced data 
presented i n  the preceding subsection w i l l  be found i n  the followi.ng pages 
( ~ a b l e s  18 through 21). The purpose i s  t o  group the  data t o  be used i.n 
comparative analyses i n  l a t e r  discussions f o r  ready reference.  The tempera- 
t u r e  dependencies of p r ec ip i t a t e  p a r t i c l e  s i z e  and p rec ip i t a t e  p a r t i c l e  
densi.ty f o r  experiments conducted under 1,000 (1, of CO f o r  a one-hour i n t e r -  
nil a r e  i l l u s t r a . t ed  in Figures 101 and 102. 
Table 18, Sumaaxy of the  Electron Micrograph Data f o r  
Experiments Capturing t he  Reaction in the  Eucleation Stages 
*Average 
Emesimental Conditions Typical Nucleus Preeipl. ta te  
Reaction Pres  sur e Time Densifiy and Range Siee 
Number TOB:JO (p CO) (be) (nuclei/ & I  /" ',4A2' 
'*The precipita-kes were s ized on the basis of t h e i r  projected areas  i n  
the plane of the  iron f i lms,  
Table 19. Summary of Results for Reactions Carried Out at 1,000p of CO for One Hour 
at Various Temperatures on Single Crystal Iron Films 
Experiment Typical Precipitate Precipitate Projected Area Distance Range 
Beactio~ Temperature Density and Range Size Range and Average Between Precipitates 
Number ("c) (ppts~/'~ 
Table  20. Smary of Results for Reactions Carried Out at 350°C for One Hour at Various 
Pressures of CO on Single Crystal Iron Films 
Typical Precipitate Precipitate Projected Area Distance Range 
Reaction Pressure of CO Density and Range Size Range and Average Between Precipitates 
Number (P ( P P ~ s = / ~ ~  1 ( p") ( P )  
*For reaction carried out at 350°C for two hours; There is reason to question results of this run. 
Table 21. Summary of Results for Reactions Carried Out at 450°C for Different Pressures of CO 
and Eeaction Periods on Single Crystal Iron E ' i l r n s  
Typical Precipitate Precipitate Projected Area Distance Range 
Reaction Pressure Time Density and Range Size Range and Average Between Precipitates 
Number (hrs . ) (ppts*// ) 
"Reaction followed by an in-place anneal for eight hours at the temperature of the reaction 
##Data refers to precipitate "Ghost Crystals" (impressions left in the Fe film after particle 
disappearance). 
O See Table 13 for data regarding precipitates of unusual morphology 
I# See Table 14 for data regarding precipitates of unusual morphology 
Figure 101. P r ec ip i t a t e  P a r t i c l e  Size  - Temperature Relat ion f o r  
Reactions Conducted Under 1,000 p, of CO f o r  1 Hour. 

. . . , . .  . 
2. Electron Diff ract ion Results  and Discussion 
a .  General Presen.tation. I n  t h i s  sect ion only one o r  two represen- 
t a t i v e  pa t t e rns  and t h e i r  solut ions  w i l l  'be presented f o r  each of the  
react ions  l i s t e d  i n  Table 3. Since the  only reac t ion  products found 
ing the  course of t h i s  research were cementite and graphi te  and s ince  t h e i r  
ident i f i .ca t ions  were straightforward,  only summary yemarks w i l l  be made 
concerning the  ove ra l l  r e s u l t  s o  
The standard d i f f r ac t i on  data a r e  presented i n  Appendix B. The 
t abu la t ions  include the  data f o r  i ron,  magnetite ( ~ e  0 ), epsilon i ron  
3 4 
carbide,  Hjigg carbide, Fe7C3, and cementite. These compounds have been 
v a ~ i o u s l y  reported f o r  t he  ac t ion  of CO on i ron.  Accordingly, the  presence 
of each mate r ia l  was considered i n  the  analys is  of every d i f f r a c t i . 0 ~  pat5ern 
of the  reacted f i lms.  All the SAD pa t te rns  a r e  l i s t e d  i n  the  summary t ab l e s  
i n  subsecti.on C . 1 .  c. 
Not every patkern was completely solvable.  However, the presence 
o r  absence of Fe 0 and graphite was r ead i l y  determinable i n  a l l  instances 
3 4 
due t o  t h e i r  p a r t i c u l a r l y  cha r ac t e r i s t i c  pa t te rns .  I den t i f i c a t i on  of the 
carbide was more complicated. For cementite the re  have been more than 
one hundred in terplanar  spacings o r  d-spacings repor ted between t he  values 
0.989 and 6.948 A .  Similar conditions exist; f o r  the HEgg car'bide. Epsiloy;. 
carbide and Fe C have been reported t o  give t h i r t e en  and seventeen d i f f e r en t  
7 3 
re f lec t ions ,  respect ively  between divalues of 1.04 and 4.40 H. Within the  
l a t t e r  range the  d-spacings f o r  e i t he r  eps i lon carbide o r  Fe C correspond 
7 3 
within  the  l i m i t  of e r ro r  t o  reported spacings f o r  e i t he r  cementite o r  HZgg 
carbide. The problem i s  compounded by the  f a c t  t h a t  the re  i s  a degree of 
uncer ta inty  associa ted with a l l  the  reported values. Distinguishing the  
i r o n  car'bides must then be made on o the r  evidence than a few d-spacings 
alone. I n  a l l  the  carbide p a t t e r n s  analyzed, the re  appeared d-values above 
2.38. Above t h i s  value indivi.dua1 spacings a r e  more widely separated 
from one mater ia l  t o  another. In addi t ion ,  Fe C does not have spacings 
7 3 
above t h i s  value, and the reported ~ e f l e c . t i o n s  f o r  c,=.ca:rbide do no t  h a d  
t o  confusion. Thus, e i t h e r  Hggg carbide o r  cementi.Le was always preseu:?., 
when a ca rb id ic  product was analyzed. Whether o r  not  one of t h e  o the r  
carbides was a l s o  present  required  f - u ~ t h e r  analys is .  The micrographs of 
t h e  a reas  analyzed revealed tha,t l a rge  gra ins  of  carbide were present  hav- 
ing  t h e  same appearance from grain. t o  gra in .  The evidence thus  indicated  
t h a t  a s i n g l e  carbide was present  and it  couid only be e i t h e r  HXgg car'bide 
o r  cementite. 
The normal method f o r  dist inguishir ig which car'bide phase i.s presen.5 
i s  based on t h e  r e l a t i v e  r i n g  i n t e n s i t i e s  of the  d i f f r a c t i o n  pa t t e rns .  
Since the  specimens were s ing le  c r y s t a l s ,  the  r i n g s  c h a r a c t e r i s t i c  of  poly-, 
c rys ta lLine  mate r i a l  were not present .  The pa t t e rns  were ins tead  super- 
pos i t ions  ( i n  the  complex cases) of spot  pa t t e rns  of r e l a t i v e l y  few gra ins .  
I n  t h i s  ins tance ,  t h e  r e l a t i v e  spot  i n t e n s i t i e s  a r e  more sens:iti.ve t o  
o r i e n t a t i o n  and g r a i n  s i z e  than t o  s t r u c t u r e  fac. tors .  Therefore, f o r  a 
completely s a t i s f a c t o r y  so lu t ion ,  the r e f l e c t i o n s  of a s i n g l e  gra in  had t o  
be ex t rac ted  from a complex pa t t e rn .  Single c r y s t a l  pa t t e rns  a r e  uniq-ue. D i f -  
flerentirrtion. between mater ia ls  i s  f a c i l i t a t e d  by t h e  crys ta l lographic  
information inherent  i n  the  in te rp lanar  angles of t h e  mater ia ls .  The 
angles between planes producing e lec t ron  d i f f ~ a c t i o n  p a t t e r n  spots  a r e  
r e a d i l y  measured from photographic p r i n t s .  
pa t t e rns  se lec ted  f o r  ana lys i s  i n  t h i s  work were photographed 
wi th  the  foregoing considerat ions i n  mind. A s  a  resu;t, sPngle c r y s t a l  r e -  
f l e c t i o n s  were commonLy determined and i d e n t i f i e d .  The p a t t e r n s  of,ten con- 
t a ined  e x t r a  ref lecL;ions.  Howevey, none of  the  ex.Lra r e f l e c t i o n s  o r  p a r t i a l  
p a t t e r n s  gave spacin.gs which could not p laus ib ly  be a.ttr'ibu.t.ed t o  c e m e ~ t i t e  
on iron.. Tnere were n.o posi.ti.ve i.denti.frlcats',ons made of a carbide o ther  .than 
cementite whi.ch was iden.t.ified a t  ai.2 tempera,t-ures inves't;igated. There was 
no evidence .to suggest t h e  existence of another carbide although suspici.ous 
spots  were found occas ional ly  t n  the  pat . terns.  A l l  e f f o r t  t o  c o r r e l a t e  
these  r e f l e c t i o n s  with a  s tandard s i n g l e  c:rystal. p a t t e r n  f o r  another carbi.de 
f a i l e d .  
I n  sinrnma.Lion, cementi,Le was .the only carbid-e p o s i t i v e l y  i d e n t i f i e d  
and it was i .dent i f ied  repeatedly.  The solu t ions  t o  a i l  t h e  SAD p a t t e r n s  
a r e  on f i l e  i n  t h e  Metall.urgy Department. 
Figures 103 through 117 present  t h e  t y p i c a l  p a t t e r n s  and t h e i r  solu-  
t i o n s  f o r  most of t h e  experimental runs tabula ted  i n  Table 3. The r e s u i t s  
f o r  Reactions 13,  14 ,  and 16 have been omitted s ince  they represent  conkrol  
experiments without CO exposure. The pa t t e rns  were analogous t o  t h a t  i l lcis-  
t r a t e d  i n  Figure 32.  No SAD pa t t e rns  were taken of Reaction 1 because t h e  
p r e c i p i t a t e  nuc le i  d id  not give detecta 'ble d i f f r a c t i o n  pa t t e rns .  The n-iclei 
a t  the  s tage  of  development depicted i n  the  micrographs of Reaction 1 may 
have been coherent,  a s  w i l l  be discussed l a t e r .  S imi la r ly ,  SAD p a t t e r n s  
f o r  Reactions 7 and 12  were not included s ince  no c h a r a c t e r i s t i c  d i f f r a c t i o n  
e f f e c t s  from t h e  p r e c i p i t a t e  nuc le i  were observed f o r  these  experiments. 
!The p r e c i p i t a t e s  of Reaction 2 were i n  the  e a r l i e s t  s tage  of develop- 
ment which gave r i s e  t o  i d e n t i f i c a t i o n  by SAD, Figures 103 and 104 show 
t h e  two solvable p a t t e r n s  obtained i.n the  react.fon c a r r i e d  out  f o r  2.5 hours 
NOTES: CEMENTITE (0) AND a-IRON WERE IDENTIFIED. 
THE ORIENTATION WAS (lOO)e 11 (OO1)a WITH 
[ o o 1 1 ~  40 FROM [izoi, . 
Figure 103. SAD Pat te rn  and So lu t ion  Diagram f o r  a Specimen from 
React ion  2 
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NOTES: CEMENTITE (0) AND a-IRON WERE 
IDENTIFIED. THE ORIENTATION 
RELATION WAS (230),g 11 (OOl), 
WITH [OO1le 13' [ I101 a . 
Figure 104. SAD Pattern and Solution Diagram f o r  a Specimen from 
Reaction 2 
NuCES: CEMENTITE (8) AND a-IRON WERE 
IDENTIFIED. THE ORIENTATION 
RELATION WAS (OO1)e 11 WITH 
[lOO],g 23' FROM [IlOI, . 
Figure 105. SAD P a t t e r n  and Solu t ion  Diagram f o r  a Specimen from 
React ion  3 
NOTES: CEMENTITE (8) AND a-IRON WERE 
IDENTIFIED. THE APPROXIMATE 
ORIENTATION RELATION WAS 
( i i a o  II (OOI), WITH [z3Tio 11 [ozo], 
r'igure 106. SAD P a t t e r n  and Sol i~ . t ion  Diagram f o r  a Specimen f r o r n  
Reaction 4 
NOTES: CEMENTITE (8) AND a-IRON WERE 
IDENTIFIED. THE ORIENTATION 
RELATION WAS (OO1)e 11 (OOl)a WITH 
Ioiolo 11 13701, . 
Figure  107. SAD P a t t e r n  and Solut ion  Diagram f o r  a Specimen from 
Reaction 5 
NOTES: CEMENTITE (8) AND a-IRON WERE 
IDENTIFIED. THE ORIENTATION 
RELATION WAS (lOO)o I1 (OOl), WITH 
[OOl] 250 FROM [ l lU la  . 
Figure 108. SAD P a t t e r n  and So lu t ion  Diagram f o r  a Specimen from 
React ion  6 
NOTES: CEMENTITE (0) A N D  a-IRON WERE 
IDENTIF IED.  THE ORIENTATION 
RELATION WAS (Oi2)e 11 (Wl), WITH 
( ~ Z Z ) ~  WITHIN 2' OF (110), . 
Figure 109. SAD Pat te rn  and Solution Diagram f o r  a  Specimen f m m  
Reaction 8 
NOTES: CEMENTITE (8)  WAS IDENTIFIED. 
THE PATTERN SHOWS THE (230)~ 
PLANE TO LIE PARALLEL TO 
THE F I L M  PLANE. 
Figure 110. SAD Pattern and Solut ion  Diagram f o r  a  Specimen from 
Reaction 9 

NOTE: GRAPHITE Igr) AND IRON 
WERE IDENTIFIED. 
RlNG 3 - (004);~ 
RlNG 4 - (llOJgr 
RlNG 5 - 1112)9r 
Figure 112. SAD Pattern and Solution Diagram fo r  a Specimen from 
Reaction 10 
NOTES: CEMENTITE ( 8 )  AND GRAPHITE (gr) 
WERE IDENTIFIED. THE ORIENTATION 
RELATION BETWEEN THE CEMENTITE 
AND IRON WAS (long 11 (ooi), WITH 
(1211~  CLOSE TO (iio),. THE BASAL 
PLANES OF THE GRAPHITE WERE 
PARALLEL TO THE FILM PLANE. 
Figure 1-13. SAD Pa t te rn  and Solution Diagram f o r  a Specimen from 
Reaction 11 
NOTE: GRAPHITE (gr) AND a-IRON 
WERE IDEN'TIFIED. 
RlNG 3 - (004Igr 
RlNG 4 - ( l l O ) g ,  
Figure  114. SAD P a t t e r n  and So lu t ion  Diagram f o r  a  Specimen from 
React ion 11 
NOTES: CEMENTITE (8) WAS IDENTIFIED. 
THE ORIENTATION RELATION 
RELATION WAS (230)~ I1 (001),. 
Figure 115. SAD P a t t e r n  and Solution Diagram f o r  a Specimen from 





NOTE: GRAPHITE (ar) AND a-IRON 
Figure  116. SAD P a t t e r n  and Solu t ion  Diagram f o r  a Specimen from 
React ion 15 
NOTES: CEMElUTlTE (8 )  WAS IDENTIFIED. 
THE ORIENTATION RELATION WAS 
(37ZIe II (OOl), WITH (Olne INDICATED 
TO BE 80 FROM (110), . 
Figure 117. SAD P a t t e r n  and Solut ion  Diagram for  a Specimen from 
Reaction 15 
0 
a t  250 C i n  1,000 p of carbon monoxide. The p r e c i p i t a t e  pa r , t i e l e s  of 
Eeaction 2 were i n  t h e  n.ucleation s tage  of development, and a few had jus t  
begun transformation i n t o  incoherent p a r t i c l e s .  The two nuclei. analyzed 
were of the  lat;%er character .  Both pa t t e rns  indicated  t h e  presence of 
cementite, but  t h e  o r i en ta t ion  between each cemen.tite pa r ' t i c l e  and the  
fer;-i.t.e rna.tTix was d i f feren . t .  
For t h e  reac t ion  condit.ions of  the  f i lms represen+,ed i n  t h e  o the r  
SAD pa t t e rns ,  r e f e r  t o  Table 3 under t h e  corresponding reac t ion  n7mber 
given i n  each individual  f igure .  
In s.urnma.tion of the  information obtained from t h e  SAD pat~terrts i n  
Figures 103 t'hrough 117, cementite was ident i . f ied  i n  a l l  the  f i lms reacted  
0 
f o r  I hour i n  1,000 p, of CO a t  the  temperatures 320, 350, 450, and 550 C. 
0 
For the  1-hour rm a t  250 C i n  1,000 p of CO the  p rec ip i t a tes  gave no 
detecta'ble d i f f r a c t i o n  e f f e c t s  but a f t e r  2 .5  hours of r eac t ion  ( ~ e a c t i o n  2) 
cementite was i d e n t i f i e d .  
Cemen,tite was a l so  found t o  be present  in. t h e  reac t ions  ca r r i ed  out 
a t  350 '~  f o r  1 hour under both 500 and 100 y of  CO.  However, f o r  t h e  reac-  
0 
t i o n  a t  350 C and 1 hour under 5 p of pressure ,  no d i f f r a c t i o n  effec5s were 
found from t h e  p r e c i p i t a t e  nucle i .  The same was t r u e  of t h e  I-hour reac- 
t i o n  a t  450'~ and 5 y of CO. 
Cementite could not be i d e n t i f i e d  i n  the  reac t ion  ca r r i ed  0.u.t a t  450'~ 
f o r  1 hour under 1,000 p of CO which was followed by a vacuum ann.ealing pro- 
cess a t  4 5 0 ' ~  f o r  an 8-hour dura t ioc .  Only a carbon product was i d e n t i f i e d .  
This experiment w i l l  be f u l l y  discussed l a t e r .  
Graphite a s  we l l  a s  cementite was detected i n  the  sample reacted  f o r  
6 hours a t  450 '~  i n  1,900 p of CO.  Under t h e  same pressure,  graphi te  and 
cementite were i d e n t i f i e d  i n  a f i l m  reacted  only 1 hour a t  a tempera.ture 
of 5 5 0 ~ ~ .  
The con t ro l  experiments ( ~ . e a c t i o n s  13, 14, and 16) gave no d i f e a c -  
t i o n  p a t t e r n s  o ther  than t h e  single-crys.t;al r e f l e c t i o n s  of  a (001) iron. 
f i l m  and t h e  e p i t a x i c  oxide previous ly  a t t r i b u t e d  t o  atmospheric oxida.t;ion. 
The e p i t a x i c  oxide ( ~ e  0 ) f i l m  was noted t o  occ.w t o  some ex.tent on every 
3 4 
reac ted  sample. 
I n  order  t o  determine whether oxidat ion of the i r o n  could t ake  place 
i n  the  CO producing the  Fe 0 observed, Reaction l l w a s  made. I n  t h i s  ex- 
3 4 
pertment the  r e a c t i o n  time was 6 hours with 1,000 1 of C O  at, 4 5 0 ~ ~ ~  For 
t h i s  experiment, t h e  amount of  Fe 0 should have increased s i g n i f i c a n t l y  if 
3 4 
CO oxidat ion  of i r o n  had played a measurable r o l e  i n  t h e  oxide f i . h  forma- 
t i o n  noted f o r  l e s s e r  periods of exposure. Since no such increase  was ob- 
served, oxidat ion  by CO is  probably s t e r i c l y  hindered. Carbon monoxide 
chemisorbs wi th  the  carbon atom a t t ach ing  i t s e l f  t o  the  i r o n ,  and the  ca r -  
bon-oxygen bond i s  pos i t ioned normal t o  t h e  l o c a l  metal  s w f a c e  (129). The 
oxygen i n  t h i s  pos i t ion  i s  l o g i c a l l y  prevented from having d i r e c t  Lnter- 
a c t i o n  wi th  the  i ron .  
b. Or ien ta t ion  Relat ionships.  Of the  d i f f ' rac t ion  p a t t e r n s  taken 
from cementite p r e c i p i t a t e s ,  f i f t e e n  gave r i s e  t o  well-developed s i n g l e  
c r y s t a l  p a t t e r n s .  Solut ion  of these  p a t t e r n s  revealed t h a t  eleven d i f f e r e n t  
o r i e n t a t i o n s  be,tween the  l a t t i c e s  of the  cementite p a r t i c l e s  and the  f e r r i t e  
f i lms  ex i s t ed .  It i s  d e f i n i t e  from t h e  evidence t h a t  no f i x e d  o r i e n t a t i o n  
e x i s t s  between cementite and t h e  (001) iron. s ing le  c r y s t a l  f i lms .  This i s  
probably t r u e  f o r  the  surface  of bulk i r o n  where t h e  s t r a i n  and surface  
energies  associa ted  wi th  a growing phase may more r e a d i l y  be accommodated. 
Except t o  accommodate s t r a i n  and su r face  energy, no f ixed  orier , tat i .on r e l a -  
t ionship  should e x i s t  between an incoherent p r e c i p i t a t e  and the  parent  
matrix. Factors  inf luencing o r i e n t a t i o n  and evidence t o  i i 2 u s t r a t e  t,he in-  
coherent, charac ter  of t h e  cementite precipi t ;ate  w i l l  be presented l a t e r .  .' 
The cementite planes which were found t o  be approximately p a r a l l e l  
t o  the  (001) i r o n  f i l m  plane were: ( 2 3 0 ) ~  (270),  (LOO), (001), (3129, ( 0 1 0 ) ~  
(I=), (0721, (3m), and (323). The uncer t a in ty  in t he  exact coincidence 
of these  planes with the  f i l m  plane a r i s e s  from some buckling of t h e  f i lm.  
The so lu t ions  f o r  the  SAD p a t t e r n s  ind ica ted  only the  planes which were per-  
pendicular  t o  t h e  e l ec t ron  beam. However, t h i s  i s  of  no consequence s ince  
t h e r e  was no exact o r i e n t a t i o n  r e l a t i o n  t o  be es t ab l i shed .  
Ralph (130) has foimd n.o f ixed  o r i e n t a t i o n  r e l a t i o n s h i p  ,to e x i s t  
between cementite and f e r r i t e  i n  h i s  l abora to ry ' s  inves t iga t ions  of s t e e l s  
wi th  the  F i e l d  Ion Microscope. However, the  f a c t  t h a t  p r e f e ~ r e d  o r i e x t a t i o n s  
have been p:roposed a f t e r  c e r t a i n   transformation,^ (131-135) warrants  Par ther  
ana lys i s  of  t h e  present  r e s u l t s .  Three d i f f e r e n t  o r i e n t a t i o n s  have been 
commonly repor ted .  No agreement was found between t h e  present  r e su l t s  and 
any of t h e  t h r e e  repor ted  r e l a t i o n s .  However, the  ( 0 0 1 ) ~  1 1  [110]~ p a r t  of 
the  t o t a l  ye la t ionship  repor ted  by Darken and Fisher  (135) f o r  p e a r l f t e  may 
be p e r t i n e n t  t o  the  present  inves t iga t ion .  The cementite p a r t i c l e s  ob- 
served i n  t h i s  work o f t e n  contained plane f a u l t i n g  which l a y  p a r a l l e l  t o  
t h e  cementite (001) plane.  This was de.termined from s e v e r a l  micrograph 
and SAD p a t t e r n  p a i r s .  Excellent  evidence of cementite fa-u l t ing  on (001) 
planes was i l l u s t r a t e d  i n  t h e  SAD p a t t e r n  of Fig-ure 115. The streaking 
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through t h e  rec ip roca l  l a t t i c e  po in t s  i n  the  R 
(001) 
d i r e c t i o n  i.s i .ndica t ive  
of t h e  f a u l t i n g .  Numerous ins tances  of cementite f a u l t i n g  were observed i n  
micrographs f o r  which no SAD information was avai lable .  The Fault ing 
, t races occasionally l a y  c lose  t o  p a r a l i e 1  t o  t h e  < 110 > di rec t ions  f o r  
t h e  lower temperature experiments. This indica tes  a poss lb le  r e l a t i o n  
between t h e  (001) cementite plane and t h e  [11.0] f e r r i . t e  planes.  J ~ c k  (136) 
has suggested +;hat t h e  cement.ite i n i . t i a l l y  forms a s  p l a t e l e t s  only a few 
uni t  c e l l s  th ick .  Preci .p i ta tes  of , th is  ,type i n  a f e ~ r i t e  mat.:rix wo,uld l ead  
t o  d i f f rack ion  patterr ,  s t reaking i n  t h e  [001] cementite direct ion. .  I n  addi- 
t i o n ,  o the r s  (137,138,139) have repor ted  t h e  {110] planes of f e r r i t e  t o  be 
the  cementite habi t  planes f o r  precfpi . tat ion during quench agfng . However, 
they did not r epor t  ( 0 0 1 ) ~  1 1  { l l ~ ) ~  t.o e x i s t .  
From t h e  d i f f r a c t i o n  pat terns  contai.ning information regarding t h e  
r e l a t i v e  o r i en ta t ions  of the  (001) and [110] planes, the  following was 
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found: two cases of d i r e c t  coincidence; f i v e  instances of approximately. 26O 
0 
of separa t ion;  two instances of approximately 11 of separa t ion;  two in-  
0 
s tances  of approximately 18 of separa t ion;  and one ins tacce  of approximately 
0 
22 of separa,tion. These angles a r e  very c lose  t o  values expected f o r  t h e  
angular separa t ion from {110] planes of the following respec,tive planes: 
Q 
(110), (310) (320), (210), and (520). In other  words, these  plarLes give 
corresponding t r a c e  angles with (110) i n  the  plane of the  f i lm. The 
corresponding < 110 >, < 210 >, < 310 >, < 320 >, and < 520 > c r y s t a U o -  
graphic d i rec t ions  resemble the  t r a c e s  of the  major p r e c i p i t a t e  axes,  which 
w i l l  be discussed f u r t h e r  l a t e r .  I f  the  ( 0 0 1 ) ~  11 (110) r e l a t i o n  d-oes 
Q 
e x i s t  even during nucleat ion,  it  appears t h a t  carbide 1a t t i . ce  ~ o t a ~ i o n  
within the  incoherent phase boundary occurs during p a r t i c l e  growth. 
Graphite formations were found t o  e x i s t  i n  th ree  o r i e n t a t t o n a l  forms, 
F i r s t ,  very small  randomly o r ien ted  gra ins  of graphi te  were required  t o  
give r i s e  t o  t he  d i f fuse  continuous r i ng  segments of Figures L12 and 114. 
Second, the  high i r i tens i ty  a rcs  on the  (002) r i ng  i l l u s t r a t e d  i n  Figure 116 
indi.cates preference f o r  t h e  basa l  plane of graphite t o  be or iented para l leL 
t o  both {310] and {loo] i ron  planes. Figure 1-12 shows a preference f o r  the  
graphi te  ba sa l  plane t o  l a y  p a r a l l e l  t o  the  [001] zone ax i s  wi th  a 'broad 
CY 
spread of o r ien ta t ions  between (020) and (110) . The t h i r d  form o'bserved 
CY a 
indicated t he  basa l  planes of graphi.te t o  i i e  p a r a l l e l  t o  t he  f i l m  plane. 
The or ier , . ta t ion of t h e  individual  graphite g ra ics  of t h i s  form was random 
about t h e  basa l  plane normal. This observation was based on the  absence of 
t h e  (002) r i n g  and ,the pronounced (100) and (1x0) r.:ir;gs, a s  shown in Figure 
113. 
The s ignif icance of the  th ree  graphite o r i en t a t i ona l  types i s  rjot 
present ly  known, but t he  phenomenon i s  probably important ,to an overaall 
understanding of graphite nucleation.  More w i l l  be s a id  on graph2te nuc1ea.- 
t i o n  and o r i en t a t i on  i n  the discussions of the  e lec t ron  micrographs. 
The o r i en t a t i on  of t he  Fe 0 found on t he  reacted specimens was the 
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same as  that observed on unreacted f i h s .  
3. Nucleation Phenomena a s  O'bserved and Related t o  Theory 
a. I den t i f i c a t i on  of t he  Product Nuclei. A s  already mentioned, t r i a7  
react ions  were ca r r i ed  out on the  i ron  s ing le  c r y s t a l  f i lms i n  CO. This 
was necessary i n  order t o  determine t h e  CO pressure and f i lm temperature 
combinations whi.ch would y i e ld  t h e  most pe r t inen t  information by e lect ron 
microscopy. Experimental R u n  49 ( ~ e a c t i o n  4)  was the  f i r s t  giving a 
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recognizable and cha rac t e r i s t i c  s o l i d  product. It was carr , ied out a t  350 
f o r  1 hour under 1,000 of pure carbon monoxide. Typical e lec t ron mi.cro- 
graphs f o r  t h i s  run a r e  shown i n  Figures 55 thro.agh 59. The reac t ion  pro- 
duct  was o'bserved t o  1i.e i n  t he  su r f ace  of &he i r o n  r a t h e r  than  .upon the  
su r f ace .  Ir, o t h e r  words, the  product carb ide  was s-u.rrounded by t h e  i ror ,  
ma t r ix  except  f o r  one f a c e  l y i n g  approximately i~ t h e  plane of t he  o r ig inaL  
iror ,  sur face .  This conclusion i s  based on t h e  studies of  i n t e r f a c e  and 
r e p l i c a  eviden.ce. The product p a r t i c l e s  gave t h e  appearance of b e h g  p a r t i -  
a l l y  submerged i.n a  t r a n s l u c e n t  f l u i d .  F igures  56, 58, arid 59 g ive  examples 
of cementi te-ferr i .Le boundaries  i n c l i n e d  tJo t h e  pla.-.e of t h e  composite f i lm .  
F u r t h e r  r e p l i c a  evidence w i l l  be  presen-Led l a t e r  t o  s i b s t a n t i a t e  t he  inhe r -  
p r e t a t i o n .  The observa t ions  then  i n d i c a t e d  t h a t  a  p r e c i p i t a t i o n  process  
was o p e r a t i v e  i.n t h e  fo rma t io r  of t he  product c r y s t a l s .  As shown. e a r l i e r ,  
t h e  product carbi.de was cementite.  
Using Reac t ion  4 (R:LQ 49) a s  a  s tandard ,  experiments we.?e designed 
t o  g ive  l e s s e r  degrees of r e a c t i o n  by s t e p s  so t h a t  t h e  r e a c t i o n  p:roduct 
might be t r a c e d  t o  i t s  nuc lea t ion .  The experimental  runs  t a b u l a t e d  i n  
Table 18 a r e  presented  a s  r ep re sen t ing  the  yeac t ion  i n  t h e  n-iicleatiors s t a g e s .  
Tracing t h e  product by followrEng t h e  cemeritite p a r t i c l e  mo.rphology from the  
large precipitates (having t y p i c a l  p ro j ec t ed  a reas  of 0.5 t:o the smal le r  
ones,  i t  was observed t h a t  t h e  cemenkite definitely nuclea ' tes  on d i s l o c a -  
t i o n s  and sub-boundaries.  The evidence i s  contained i n  t h e  micrographs f o r  
React ions 1, 2, 6 ,  7, and 12 a s  presented  i n  subsec t ion  C.1.c. Not a l l  t he  
n i lc le i  p i c t u r e d  i n  ,the f i g u r e s  r ep re sen t  that c h a r a c . t e r i s t i c  type t r aced  
t o  t h e  s t ages  of nuc lea t ion .  Many a r e  r a t h e r  ~ o n d e s c r i p t .  However, i t  i s  
c e r t a i n  t h a t  . these images do represen. t  t h e  f i r s t ;  s o l i d  phase product  t o  form. 
These n u c l e i  were formed a t  tihe same c r y s t a l l o g r a p h i c  l oca t fons  ($he d i s l o c a -  
t i o n s  and sub-boundaries) a s  those  r e l a t i ~ g  t o  t he  small .est  de f inab le  cemen- 
t i t e  p a r t i c l e s ,  The p r e c i p i t a t e  n u c l e i  shown i n  the  c e n t e r s  of  F igu res  44 
and 45 were of s u f f i c i e n t  c r y s t a l  development t o  y i e l d  d i f f r a c t i o n  pa t t e rns  
which were solvable and i.ndicated t h e  presence of cementite. Henceforth, 
i.n bhis  discussion a l l  prec i .p i ta te  p a r t i c l e s  w i l l  be class'ifi .ed a s  cementite 
whether a  d i r e c t  confirma+,ion by a correspon.ding SAD pat;tern was obtained 
o r  not .  This l iber i ;g  w i l l  be 'lakec t o  f a c i l i t a t e  disc.ussfon. It i s  r e a -  
sonable t o  make the  assumptrlon t h a t  a l l  the  p ~ e c i p i t a t e  pa r t i . c l e s  (except 
f o r  graphi te  found only i n  extended reac t ion)  were cementite s ince  it was 
t h e  only carbide t o  be i d e n t i f i e d  .under any condi:l;ion. 
Another f e a t u r e  use fu l  i n  l ink ing  the  p r e c i p i t a t e  nucle i  ,to .the 
l a r g e r  cementi t e  c.ry.s,t a l s  i d e n t i f i a b l e  by d i f f r a c t  ion. was the  stria ti or^ of 
d i f f rac t i .on  contl%st c e n t r a l l y  located i n  mar,y of t h e  p r e c i p i t a t e  c r y s t a l s .  
A s  w i l l  be discussed i n  more d e t a i l  l a t e r ,  a  Pau.lted region was o f t en  ob- 
served t o  t r averse  the cementit;e p a r t i c l e s ,  The f a u l t s  l a y  j u s t  o f f  t h e  
axi,s of longest  dimension i n  the  plane of the  f i lm.  The con t ras t  from 
these  f a ~ l t e d  regions was s tFia , ted .  The faul . ted l ayers  were chara@t,erized 
a s  ly ing  perpendicular t o  the  [001] cementite d i rec t ion .  Jack (133) has 
proposed t h a t  cementite in i . t* ia l iy  precipit;ates during martens i t e  tempering 
as  t h i n  p l a t e l e t s  ([001] perpendicular t o  t h e  p l a t e l e t s ) .  Be proposed t h a ~  
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continuation of growth was three-dimensi.onal, giving r i s e  t o  a s h i f t  from 
the  two-dimensional l ayer  type x-ray di f f rac . t ion  p a t t e r n  t o  t h e  n o ~ m a l  
three-di.mensiona1 cementite pat.terrt. Evider-tly, an analogons p r e c i p i t a t i o n  
e f fec t  o f t en  occurs t h e  process being s tudied here. A s  i l l u s t r a t e d  fn 
Figures 47 and 48, some of t h e  nuclei contained a simi.lar s t r i a t e d  o r  
f a u l t e d  appearance a s  might be expected f o r  cementite from Jack's work. 
b. Theory Re ia t i rg  t o  P r e ~ i p i t ~ a t e  Nucleation. As previously stat;ed, 
t h e  nucleat ion of the  carbide phase appears t o  take  place wi th in  the  i ron  
matr ix  and not on .xhe surface .  This suggests  t h a t  t h e  process f o r  forming 
.the s o l i d  prod.uct phase may be one of precipi.?ation. from a s~per sa ta ra .Led  
s o l i d  so lu t ion .  The fol lowing d iscuss ion  w f . 1 1  i l l u s t r a t e  the  c lose  simi.- 
l a r i t y  of the  experimental observat ions t o  phenomena p red ic t ak le  by. theory .  
S p e c i f i c a l l y ,  it w i l l  be shown t h a t  the  present  r.es,ults c l o s e l y  resemble 
those of a  p a r t i c u l a r  type of p rec i .p i t a t ion  process from sgpersat-urated 
s o l i d  so lu t ions .  On t h i s  b a s i s  i t  i s  l i k e l y  t h a t  the  CO a t . tack  of i.ron i.n 
t h e  e a r l y  s tages  of r eac t ion  i s  con t ro l l ed  by matr ix  ra ' ther  than swrface 
phenomena . 
Chr i s t i an  g ives  a  comprehensive t reatment  of the  sub jec t  of p rec ip i -  
t a t i o n  from supersa tura ted  s o l i d  so lu t ions  i n  h i s  book, The Theory of Trans- 
formation i n  Metals and Alloys (140).  Much of the  disci lssion presented i n  
t h i s  sectl .on i s  based on h i s  t reatment .  From .the r e p o r t s  of a l l  i nves t iga -  
t i o n s  of t h e  sub jec t ,  Chr i s t i an  found it convenient ,t;o d i s t i n g u i s h  t h e  
fol lowing modes of p r e c i p i t a t i o n :  
(1) ConSinuous ( o r  ~ e n e r a l )  
( 2 )  Discontinuous ( o r  c e l l u l a r )  
(3) Coherent P rec ip i t a t , i on  of Metastable Phases 
(4) Formation of Segregates o r  Quinier-Preston (G..P. ) Zones 
The t h i r d  and f o u r t h  processes occur mainly a t  low temperatures and i n  
m e t a l l i c  s o l i d  so lu t ions .  They descr ibe  .the formation of exceedin.gly small  
coherent p r e c i p i t a t e s  whereas most of  t h e  p r e c i p i t a t e s  under the  r e a c t i o n  
condi t ions  of t h e  present  work were d e f i n i t e l y  non-coherefit and qtl:it.e l a r g e  
i n  comparison. . A t  b e s t ,  processes (3) and (4) ma.y descr ibe  the  prenucleat ior ,  
phenomena f o r  prec ip i . ta t ing  cementi te .  Nuclei of a preci.p:l.ta'ting phase o f t e n  
form d i r e c t l y  from the  s o l i d  so lu t ion  by a s e r i e s  o f  small  compositional 
f luc tua t ions .  They may a l so  be derived from solute  atom segregates (G.P. 
zones) and metastable p r e c i p i t a t e s  which form f i r s t  withiri the  parent  ma,krix. 
The f i r s t  two p r e c i p i t a t i o n  processes Chr i s t i an  l i s t e d  a re  adeqzate 
t o  def ine  p r e c i p i t a t i o n  from nucleat ion .to comp1ei;ion.. For continuous pre- 
c lp i . ta t i .or~ ,  ir?divid.i;al c r y s t a l s  of p r e c i p i t a t e  nucleate i n  a random d i s t r i -  
bution.  Thls corresponds t o  random volume n.ucleati.on o r  t o  hetrogeneous 
nucleat ion on uxiformly d i s t r i b u t e d  s i t e s .  'This descr ip t ion matches t h a t  
of t h e  cementite p a r t i c l e s  which were located on t h e  d i s loca t ions  and s.iib- 
boundaries of t h e  i ron  f i lm.  Dwing contir?uo.us p r e c i p i t a t i o n ,  Lhe process 
proceeds simi~ltaneously throughout the  matrix even though the  process r a t e  
may vary considerably from one area t o  another.  As growth of a p rec ip i t a t , e  
c r y s t a l  continues,  the  so lu te  concentration. i n  the  surrounding matri.x de- 
creases  uniformly u n t i l  a l l .  excess so lu te  has p r e c i p i t a t e d .  Throughout the 
process t h e  o r i g i n a l  matrix c r y s t a l s  maintain t h e i r  shape and r e l a t i v e  o r i en-  
t a t i o n .  The s ing le  c r y s t a l s  of i r o n  i n  the  present  work mai.ntained t h e i . ~  
i n t e g r i t y  i n  the  experiments performed. The new phase i n  continuous p rec i -  
p ika t ion  i s  not necessa r i ly  t h e  equili'briwn phase and may transform, decom- 
pose, o r  d issolve  on s-absequent nucleat ion of the  e q ~ i l i b r l ~ m  phase. Ce- 
menti te  i s  metastable,  and a s  w i l l  be shown. l a t e r  i n  t h i s  chapter ,  i t  decom- 
poses t o  y i e l d  graphi te  and f r e e  i ron.  
Discontiriuous p r e c i p i t a t i o n  has been described as  "nucLeation and 
growth occurring on a reac t ion  f r o n t  t h a t  moves through t h e  metastable solu-  
t i o n  leaving a two-phase aggregate behind. " ( i41)  The c o n c e , ~ t r a t i o n  of 
s o l u t e  i n  the  parent matrix changes abruptly i n  t h e  immediate v i c i n i t y  of 
t h e  reac t ion  f r o n t .  Christ iar ,  descyri'bes t h e  process a s  Ifrequiri.ng t h e  
ruc lea t ion  and growth of duplex c e l l s , "  and "involves the  f r a g m e n t a t i ~ ~  and 
r e c r y s t a l l i z a t i o n  of t h e  o r i g i n a l  s o l i d  so lu t ion  g ra ins .  " The d i s t r i b u t i o n  
of .the precipi.t;ate i s  not uniform and t h e  process gives a  c h a r a c t e r i s t f c  
micros t ructure  t o  the  a f fec ted  mater ia l .  I t  i s  obvious that  khe CO abtack 
of the  iron, f i lms  i n  $his  study did not  g ive  r i s e  t o  d.iscontinuous preci.- 
p i t a t i o n .  
C h r i s t i a n  (140) po in t s  out  t h a t  cont;inuous p r e c i p i t a t i o n  genera1.L~ 
occurs i n  s o l i d  so lu t ions  of low supersat.uration o r  i n  systems having l a rge  
energies of  m i s f i t  between t h e  phases. As w i l l  be discussed l a t e r ,  these 
condit ions hinder nucleat ion.  I n  so lu t ions  of t h i s  type, p r e c i p i t a t i o n  may 
be expected t o  begin a t  g r a i n  'bounda:ries and d i s loca t ions  (140). These 
imperfections i n  the  c r y s t a l  l a t t i c e  can ca ta lyze  precipi . tat ior , .  The de- 
s c r i p t i o n  j u s t  given i s  probably represenkative of the  iron, s i n g l e  c r y s t a i -  
cementite system presen t ly  being inves t iga ted .  The complex orthorhombic 
s t r u c t u r e  of the  cementite versus the  body-centered-cubic s t ~ u c t u r e  of i r o c  
wi th  t h e  accompanying bulk dens i ty  d i f fe rence  (7.87 gm/cc f o r  i r o n  versus 
7.69 t o  7.74 gm/cc f o r  Fe C ( 7 2 ) ) ,  cons t f tu tes  a  reasonable b a s i s  f o r  
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assuming considerable m i s f i t  energy t o  e x t s t .  The carbon con.tenk of t h e  
i ron  s i n g l e  c:rystals  mdergoim CO at-tack w i l l  s h o r t l y  be shown .to reach 
s a t u r a t i o n  e a r l y  i.n t h e  r eac t ion .  The degree of  s.upersat.ura.kior: a t t a i n e d  
i s  questionab1.e. Before proceeding wi.th . th i s  treatment it should be r e -  
emphasized t h a t  p r e c i p i t a t i o n  does nuclea te  at t h e  d i s loca t ions  and sub- 
boundaries of  t h e  i ron  s i n g l e  c r y s t a l s  a s  expected of a  continuous p rec ip i -  
t a t i o n  process.  The p rec ip i t a t ion .  of carbon from quench-aged s t e e l s  has 
been s tudied  a s  a continuous prec ip i . ta t ion  process (140),  and the  present  
problem i .s  seen a s  a  l o g i c a l  extension.. A major d i f f e rence  i n  the  experimen- 
t a l  s tudy made i n  t h i s  work from t h e  t h e o r e t i c a l  t reatment of continilo'us 
p r e c i p i t a t i o n  i s  the  complication introduced by t h e  eontin-uous additfon 
of carbon ,to the  i r o n  matrix. Appendix F t r ea . t s  the  ques t ion of t h e  carbon 
di.st,ri.bution i n  ari i r o n  f i i m  r e s u l t i n g  from the  d i s so lu t ion  of t h e   ascent 
carbon produced by t h e  s ,mface decomposi.tion of car'bon monoxide. An i r i ib ia l  
assumption was made t h a t  t h e  surface concentrat ion of carbon remains con- 
s t a n t .  It i s  shown t h a t  t h e  time required  f o r  d i f fus ion  processes to  bririg 
the  average so lu te  concentrat ion of carbon i n  the  f l . h  t o  a mirimurn of 99 
per cent of the  surface concentrat.i.on would be l e s s  than. 1 second. Wi.th 
t h i s  being the  case, i t  i s  l o g i c a l  t o  assume tha'L the  f i l m  i s  sa tu ra ted  very 
e a r l y  ii; t he  react ion.  Fur ther ,  it i s  reasonable 'Lo consider t h a t  the  I:ron 
matrix w i l l  remain sa tu ra ted  throughout the p r e c i p i t a t i o n  process. The 
proof of t h e  l a s t  two statements should l i e  i n  t h e  observations of the  amount 
of product formed a t  given temperatures and times but f o r  d ' i fferect  pressures 
of carbon monoxide. I n  o the r  words, a t  some minimum pressure  it i s  f e a s i b l e  
t h a t  .the supply of carbon from CO decompo~it~ion may become slow enough t h a t  
s a t m a t i o n  cannot be a t t a ined  f o r  a spec i f fc  reactior; period. Under t h i s  
assumption, t h e  e f f e c t  should become more severe w i t h  decreasing pressure- 
The r e s u l t  should show up a s  a decrease i n  preci .p i ta te  par.t.icie s i z e  and 
population densi ty.  A t  pressures above t h i s  minimum t h e  res-ui ts  should not 
vary dras tica1:l.y. Some var ia t ion  should be expected from other  causes, of 
cowse .  These observations were i n  f a c t  mad.e and w i l l  be di.scussed i n  
d e t a i l  l a t e r .  
The c l a s s i c a l  theory of homogene~us nucleabion i s  based on the  pre-  
mise t h a t  random f luc tua t ions  (concentrat i.on f"luc5~;zatior~s f o r  s o l i d  solu-  
t i o m )  i n  the  assembly generate nucle i .  The numker of atoms i n  t h e  segre- 
gate  clusters and correspondingly t h e  c l u s t e r  s i z e  i s  c r i t i c a l  t o  t h e  forma- 
t i o n  of a s t a b l e  nucleus of the  new phase. The ease with which t h e  nucle i  
form, p lus  t h e i r  s i z e ,  shape, o r i e n t a t  ion, and d i s t ' r ibu t  ion a r e  funct ions  
of t h e  physica l  and chemical character  of t h e  system i n  quest ion.  
For the  homogeneous nucleat ion of a new phase, the  Gibbs f r e e  energy 
change accompanying t h e  process i s  commonly formulated as  
The f i r s t  term, AGst,  takes account of the res i s t ance  t o  a volume change 
accompanying t h e  c rea t ion  of a nucleus and i s  a p o s i t i v e  energy term f o r  
s t r a i n .  The AGsf i s  a pos i t ive  term expressing t h e  energy required t o  
c rea te  a boundary associa ted  with the  nucleus. The f i n a l  term, AG repre-  
ch' 
sen t s  the  chemical dr iv ing p o t e n t i a l  f o r  t h e  reac t ion  and must be negative 
f o r  p r e c i p i t a t i o n  t o  take place.  A l l  three  terms increase  i n  absolute  
value a s  ,the number of atoms, n, i n  t h e  nucleus increases ,  but each i s  a 
d i f f e r e n t  funct ion of n. m e  r e s u l t  i s  an i n i t i a l  increase  i n  AG a s  n i n -  
creases m,til a c r i t i c a l  value, n i s  reached where AG i s  maximized. 
c ' 
After  a c l u s t e r  of atoms reaches t h e  s i z e  corresponding t o  n it may become 
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a s t a b l e  nucl.eus which grows with a corresponding decrease i n  Gibbs f r e e  
energy. 
The values AGs and AGsf a r e  re1ative.l.y independent of temperature 
i n  comparison with AGch. The l a t t e r  increases  i n  absolute value a s  the 
degree of supercooling i s  increased.  The term AGch can a l s o  be increased 
i n  magnitude by using a higher so lu te  concentrat ion a t  a constant  tempera- 
t u r e .  The nucleat ion r a t e  I i s  very s e n s i t i v e  t o  t h e  degree of supersatura-  
t i o n  i and i s  schematically represented i n  Figure 118. 
The equations used t o  a r r i v e  a t  the shape of t h i s  curve were derived 
Figure 118. Schematic Form f o r  the  Variation of Nucleation Rate I 
with Supersaturation i 
f o r  homogeneous nucleat ion from a  supersat,urated vapor. However, t h e  form 
of the  curve should be s imi lar  f o r  s o l i d  phase nucleat ion.  
Continu.ous p r e c i p i t a t i o n  from metal so lu t ions  a r e  commonly hetero- 
geneous. Mounting evidence supports t h e  view t h a t  d i s loca t ions  a r e  ofLen 
important t o  ,the nucleat ion of p r e c i p i t a t e s .  Ear ly  work by Davenport and 
Bain (143) , and C o t t r e l l  and Churchman (144) has shown t h a t  the  p r e c i p i t a k i o ~ .  
of carbon. from supersaturated solut ion i.n alpha-iron can be g r e a t l y  acce le r -  
a t ed  by t h e  presence of l a t t i c e  d i s t o r t i o n s .  This evidence l e d  t o  the  de- 
velopment of the  "Dislocation Theory of Skrain Aging." S.Lrain aging i.s r e -  
garded a s  the  process whereby so lu te  atoms d i f f u s e  toward f r e e  d i s loca t~ ions  
a t  r e s t  and anchor them by t h e  formation of so lu te  concentrat ion atmospheres, 
I n  an e a r l y  study, Nabarro (145) showed the  agreement of t h i s  theory with 
severa l  f e a t u r e s  of t h e  s t r a i n  aging of i ron.  The a c t i v a t i o n  energy f o r  
s t r a i n  aging and the  ac t iva t ion  energy f o r  t h e  d i f fus ion  of carbon i n  a:Lpha- 
i r o n  were determined t o  be the same. Also, the  time f o r  s t r a i n  aging was 
shown t o  be of .the same magnitude a s  t h a t  expected f o r  the  formation of 
carbon atmospheres.at d i s loca t ions .  Shor t ly  a f t e r  t h i s  ana lys i s  was re- 
p o ~ t e d ,  a  d e t a i l e d  treatment was published by CottrelL and Bilby (146). 
The i n i t i a l  condit ion f o r  a  treatment of s t r a i n  aging places t h e  
solute  atoms i n  a  random d i s t r i b u t i o n  about a  di .s location.  An atom s f tua ted  
a t  the  polar  co-ordinates ( r , 0 )  r e l a t i v e  t o  a  posi- t ive edge d i s loca t ion  has 
an i n t e r a c t i o n  energy U = (A s i n  0 ) / r  associ.ated wi th  it. The A i s  a  cot- 
s t a n t  accounting f o r  t h e  r i g i d i t y  modulus, Poisson 's  r a t i o ,  the  s l i p  d i s -  
tance i n  the d i s loca t ion ,  and t h e  atomic r a d i i  of solvent  and sol-ute. Equi,- 
p o t e n t i a l  l i n e s ,  U = constant ,  form a  family of c i r c l e s  passing t'hrough t h e  
center  of t h e  d i s loca t ion .  These a r e  centered on t h e  perpendicular bi.sector 
of t he  s l i p  plane which cuts  the  s l i p  plane a t  t he  point  of in te r sec t ion  
of t he  extra half  plane of atoms. The change i n  U from c i r c l e  provides a 
force  on each soliite atom which imparts t o  it, a  d r i f t  veloci ty  i n  t he  di rec-  
t i on  perpendicular t o  the  l o c a l  equipotent ia l  l i n e .  The paths solute  atoms 
must take a r e  orthogonal t o  the  family of c i r c l e s ,  (s in  = constant ,  and 
a r e  a lso  c i r c l e s ,  (cos = constant. These pass through the  dis locat ion 
and have centers on the  s l i p  plane. Solute atoms move along these flow l i c e s  
toward t h e  dis locat ion until they reach the  point of maximum binding, i . e . ,  
the  point  jus t  below t h e  dis locat ion,  (ro, 3 n/2). As t he  atmosphere buiLds 
up concentration differences e f f ec t  t he  veloci ty  of flow, but  i n  the  ea r ly  
s tages  of aging they can be neglected. I n  h i s  book on dis locat ions  and 
p l a s t i c  flow (147), Co t t r e l l  gives a rough calcula t ion f o r  the  ea r ly  stages 
of the  process indicating the  main features  of h i s  e a r l i e r  treatment with 
Bilby (146). I n  t h i s  discussion Co t t r e i l  shows t ha t  a t  time t every flow 
l i n e  with radius r l e s s  than ( ~ ~ t / k ~ ) l / ~  has been drained of solute  atoms 
while only those l i n e s  with larger  r a d i i  a re  s t i l l  ac t ive .  This radius  w i l l  
be used l a t e r  on i n  t h i s  discussion t o  i l l u s t r a t e  roughly the magnitude of  
the  physical  system being discribed under t he  experimental conditions of the  
present work. 
Harper (142) extended t h e  mathematical treatment of t he  s t r a i n  aging 
theory t o  the  l a t t e r  stages of solute  segregation. He assumed t h a t  t he  de- 
crease i n  t h e  p rec ip i ta t ion  r a t e  would be proportional  t o  the  f r ac t i on  pre- 
viously precipi ta ted.  Incorporated with the  previous theory, h i s  r e s u l t s  
took t he  form: 
where f i s  the  f r ac t ion ,  of the  o r i g i n a l  amount of so lu te  which has p rec ip i -  
t e d  &wing 'time t ,  L i s  t h e  t o t a l  length  of edge d i s loca t ions  per  unit 
volume, and D i s  the  d i f f u s i o n  c o e f f i c i e n t  a t  .the absolute  temperature T. 
His paper subs tan t i a t ed  t h i s  formulation and the  d is loca , t ion  s t r a i n  aging 
theory by a t reatment of  some experimental data.  Harper used the  i n t e r n a l  
f r i c t i o n  method f o r  measuring t h e  f r a c t i o n  of carbon remaining i n  i .n ter -  
s t i t i a l  s o l u t i o n  a s  a funct ion  of s t r a i n  aging time. Specimens were taken 
with carbon contents  i n  the  two-phase region of the  i r o n  carbon equil ibrium 
diagram ( i . e . ,  0,015 w t .  per  c e n t ) ,  s trair ied 5; 10,  and 15 per cent  and aged 
a t  various temperatures up t o  5 1 . 5 O ~ -  From h i s  da ta  on aging he ca lcu la ted  
t h e  values of  L. These were found t o  be compatible wi th  previous es t imates .  
His ca lcu la ted  1;'s a r e  notable from t h e  standp0ic.t  of the  r e l a t i v e  agreement 
between t h e  samples of d i f f e r e n t  s t r a i n .  Some of the  experiments were 
c a r r i e d  out  t o  a p rec ipk ta t ion  f r a c t i o n  a s  high a s  0.85. 
A value of f w 1 i s  obtained by ext rapola t ing  Harper 's  r e s u i t s  with 
the  a i d  of Equation (3) t o  a temperature of 450 '~  f o r  a 1-hour aging time 
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using D = 5.2 x 10 exp -1900/T (148). This r e s u l t  implies t h a t  ali the 
carbon i n  i n t e r s t i t i a l  s o l u t i o n  w i l l  e i t h e r  p r e c i p i t a t e  o r  be t i e d  up i n  
concentrat ion atmospheres a t  d i s loca t ions  under the  t y p i c a l  condit ions of 
t h e  experiments performed i n  t h i s  work. The equation f o r  t h e  r ad ius  of an 
area  completely drained of carbon atoms i n  t h e  o r i g i n a l  i n t e r s t i t i a l  solu-  
t i o n  was appl ied  under the  same condit ions of temperature and time. The 
rad ius  of deple t ion  found was 5,000 o r  0.5 1. This radius  i s  g r e a t e r  than 
t h e  average d is tance  between d i s l o c a t i o n  sub-boundaries i n  the  i ron  f i lms  
produced f o r  t h i s  research.  If t h i s  were a t r u e  p i c t u r e  of t h e  physica l  
process,  it i s  evident  t h a t  d i s l o c a t i o n  i n t e r a c t i o n  wi th  s o l u t e  atoms would 
be a suf f ic ien t  poten,t ial  t o  dr ive  p rec ip i ta t ion  through t o  completion. 
The solute  coxcentration i n  the  v i c in i t y  of the  dis locat ions  would increase 
f a r  above the  f e r r i t e  so lub i l i t y  l i m i t  and a carbide phase would precipi -  
t a t e .  
Shewmon (1491, however, s t a t e s  t ha t  the  period over which the i n t e r -  
ac t ion po t en t i a l  i s  va l id  i s  determined by the  vol-me of matrix over which 
the  po t en t i a l  ~ ( 8 , r )  maintains an "appreciable" e f f ec t .  He argues tha t  
when r becomes large  enough f o r  ~ ( 0 , r )  < kT, the &iving po t en t i a l  w i l l  be 
l e s s  than the thermal energy of the  solute  atoms and, therefore ,  "inappre- 
ciable."  He defines an "effect ive  radins" R f o r  the  iron-carbon system 
where 
dynes cm' 
TJ = k T M  R 
This radius  i s  then considered t o  be a capture radius  f o r  the  dislocation 
(screw and edge types being t rea ted  s imilar ly)  f o r  solute  atoms. He s t a t e s  
t h a t  Ham (150,151,152) has given a more exact de f in i t i on  of t he  capture 
radius which y ie lds  a value f o r  R 1.78 times as  l a rge  a s  the  value obtained 
from Equation (4). For the  iron-carbon system a t  450'~ t h i s  radius  i s  51 A .  
Chr is t i an ' s  discussion of the  formula f o r  f derived by Harper c r ed i t s  
it with reasonable cor re la t ion  of a g rea t  dea l  of experimental data.  He 
suggests t h a t  t h i s  i s  probably fo r tu i tous ,  a s  t he  t heo re t i c a l  bas i s  f o r  
Harper's formulation i s  u n t ' e n a b l e ,  according t o  Ham (150,151,152). 
It seems ce r t a in  from the  discussion t ha t  a d is locat ion w i l l  a t  l e a s t  
generate solute-r ich c lu s t e r s  i n  the  matrix i n  the  immediate vicirikty of .the 
dis locat ion core. The concentration f luc tua t ions  r equ i s i t e  f o r  nucle i  forma- 
t i o n  w i l l ,  therefore ,  have a much grea te r  probabi l i ty  of forming a nucleus 
nf cr.i . t ical s i z e  a t  these locat ions .  
It should be pointed out  t h a t  the re  i s  no evidence f o r  a  p a r a l l e l  
type of solute in , terac t ion p o t e n t i a l  associa ted  wi,th d i s loca t ion  surface 
in te rcep t s .  The in te rcep t  of a  d i s loca t ion  with a  surface should c rea te  
no more d iscont inui ty  than a  surface s tep .  Steps a r e ,  of course, ir 
abundance on r e a l  surf  aces. 
A theory f o r  p r e c i p i t a t e  nucleat ion on d i s loca t ions  has a l s o  been 
proposed by Cahri (153). I n  h i s  t reatment t h e  nucleus model l i e s  along t h e  
di .s location l i n e  and has a  c i r c u l a r  sec t ion  perpendicular t o  it. The 
appearance of the  nucleus i s  s imi lar  t o  t h a t  of a  bead on a  s t r i n g .  I- 
.the expression f o r  the  energy of formation f o r  a  n.ucleus of given s i z e ,  a  
new term i s  included representing t h e  s t r a i n  energy of t h e  d i s loca t ion  
within t h e  volume of the  nucleus. I n  e f f e c t ,  the  energy gained by destroy- 
ing the  e l a s t i c  energy of t h e  d i s loca t ion  durin-g atomic rea r rangeme~t  i.s 
made ava i l ab le  t o  a i d  t h e  nucleat ion process. Equation (2)  takes the  form 
.!be negative AGdisl term has been s t a t e d  t o  e f f e c t i v e l y  reduce t h e  AG and s f  
AGs terms, thereby reducing n  (141) . 
C 
One of the  f indings  of Cahnls treatment was t h a t  when t h e  chemical 
f r e e  energy and d i s loca t ion  energy f a c t o r s  a r e  s u f f i c i e n t l y  l a r g e  and nega- 
,Live, there  i s  no energy b a r r i e r  t o  nucleat ion on d i s loca t ions .  I n  t h i s  
event the  transformation r a t e  w i l l  be governed only by' growth phenomena. 
Under more normal condit ions the  ac t iva t ion  energy i s  s t i l l  g r e a t l y  reduced. 
This information was found use fu l  i n  i n t e r p r e t i n g  the  nucleaion observed i n  
t h i s  study, as  w i l l  be shown l a t e r  on. 
Chris t ian  (140) gave a re:-.evant comparison. of nucleati.on r a t e s  f o r  
.the e,ase of homogeneous n~~clea . t ; ion versus heterogeneous nucleation on d i s -  
~ o c a t i o n s  based on Cahnqs t heo re t i c a l  treatment. Parameter values used 
i n  the ca lcz l l a tons  were !;ypica: of a meta l l i c  system. For homogeneous 
-70 - - ' i  
nucleation,  the r a t e  was es,tima,Led a t  10 nuc le i  sec while the  
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r a t e  under t h e  same condi+;:Lo:.r~ on d i s loca t ions  was l o  nucle:i sec 
mi . s  example serves $0 i .Lius t~a , ;e  t he  p~o 'bable  i.mpor t a m e  of" di.slocat3ions 
as si t .es  f o r  nucleation i n  soriid phase p r ec ip i t a t i on  processes. The expe,ri- 
mental f a c t  has broad support, and the  quench-aging process f o r  iron-carbon 
so lu t ions  i s  an example. 
Doramus (:1.54) has demonstrated khat the  n i e r  of p a r t i c i e s  preci.- 
pi:tating i n  an iron-,carbor, system i s  constant two-ugh0.d t~ans format ion .  
This f ind ing  2mplie.s thak 6he caibide nucl.ei sat-mat;e the  ac t i ve  s i t e s  
within the  matrix a t  the  beginning of the agfng process, and .~ .o  fu r t he r  
n.ucleat;ion, occurs. Only a very low activation.  exergy fo:r nucleatior, wo.uld 
give r i s e  $0 t he  rapid  s i t e  sa tu ra t ion .  The l oca t i o r~s  of the  p r e c i p i t a t e  
nuclei. f o r  t h e  quench-aging process are well established as matzix dis loca-  
t ions  (138,13g4155,156,1573 as long as  t he  carbon s-apersaturation does not  
exceed that; required f o r  addi t ional  precipi.tat;ion a t  l a t t i c e  s i . tes .  As a 
resul t .  of this f inding,  3oremus was a'ble t o  .;ie h i s  k l c e t i c  data f o r  preci -  
p i t a t i o n  t o  c a i c ~ ~ l a t e  an act ivat ion energy representa t ive  of the acbual growtli 
pyoces s t ak i rg  piace. 
A t  t h i s  point  one other  f e a tu r e  of Calm's t;:reatmen.t needs t o  be 
mention,ed. The :rate of change of d i s loca t  i.on nvlcleation with the  chemica 1 
drivi-rlg potenti.al.  (%he degree of supersatwrat ion) :is even more sensi%fve 
than t h a t  f o r  homogeneous nucleation. This important coricept w i l l  be used 
i n  in te rpre t ing  t he  nucleation phenomena observed i n  the present  work. 
I n  the  system studied ,the nucle i  a re  expected t o  be generated quickly on 
supersa twat ion  of the  i ron  f i . h ,  
There a r e  ,kwo major categories i n to  which p r ec ip i t a t e  p a r t i c l e s  can 
be c lass i f i ed ,  coherent and incoherent. Br ie f ly ,  a  coherent p r ec ip i t a t e  
i s  one which has the same type of c r y s t a l  s t ruc tx re  as  ,the paren.t matrix 
and maintains atomic plane co-ordination across $he in te r face .  However, 
the re  may be con.sidera'b2.e st.ra5.n in the  two l a t t i c e s  a t  t he  in te r face  due 
t o  l a t t i c e  parame.ter d i f ferences .  Tne contras t  e f f e c t  i n  ,Lhe e lec t ron  
micrographs caused by a coherent p r ec ip i t a t e  i .s  complex. I n  r a t he r  unso- 
phist.fca5ed berms, the  p r ec ip i t a t e  may appear as  a region. of d i f fu se  con- 
t r a s t .  It may a l so  be qu i te  small and ir~d.istli?guishable En the  presence of 
t he  r e l a t i v e l y  l a rge  s t r a i n  f r inges  some.t;i.mes prodwed by d5ffract ion from 
'the surround.'irg makrix . Under these  conditions the  p r  ec ip i  take cannot be 
accurate ly  sized. from the  micrographs. The precipi ,cates i n  the ear lie st^ 
stages of forma.t,i.on obser,ved i ~ ,  t h i s  work have such an appea-v.a-n_ce a s  shown 
i n ,  the  f i gu re s  f o r  Reactions 1, 2, 6 ,  7 ,  arrd 12. 'me ef fec t  is most pro-  
0 
nounced in the  micrographs of p r ec ip i t a t e s  formed a t  250 C. Evide~. , t ly ,  a t  
t h i s  low tempera.t7ze the ava i l ab ie  thermal energy I s  small er;o-ugh t o  allow 
She formation of l a rge r  p r ec ip i t a t e  s t ruc tu res  before they break f r ee  t o  
form fficoherent pa r t i c l e s .  The fac,t t h a t  t h i s  process takes  place i s  evi -  
0 
denced by t he  nacre:: found f o r  longer reactiofi times at; 250 C, i.e., Figures 
44 tkv.o.ugh 49. 1% ts obvious from these t h a t  incoherent precipi ta . tes  were 
t o  be t h e  end r e s u l t .  
I n  incoherent p r ec ip i t a t i on  the  par t ' ic1 .e~ have a c r y s t a l  s true. ture 
type d i f f e r i ng  f r o m t h a t  of the  pax-ent l a t t i z e ,  and the re  w i l l  be no cor- 
responde~ce  of atomic posit;ions. The nature of the  intierface can be ei . ther  
sharp o r  d i f fuse .  Some of the  more matme p r e c i p i t a t e s  produced i n  these 
s tud ies  show how complex t h i s  i n t e r f a c e  between cementite and i ron  can be, 
i . e . ,  F igmes 7 2 ,  76, 77, and 78. The micrographs revea l  complex dis loca-  
kion s t r u c t u r e s  which can be reasonably expected t o  f a c i l i t a t e  the  di.fFusiol;. 
of ecrbon and i ~ o n  a s  the  cementite boundary advances. 
The c o r ~ t r a s  t from ir~coherent  p r e c i p i t a t e s  of the s i z e  most commonly 
encountered i n  t h i s  work should r e s u l t  from st;r.uct;ure f a c t o r  and d i f f r a c t i o n  
d i f fe rences  betweec the  i r o : ~  matrix and the  p r e c i p i t a t e .  The d i s t i n c t i o n  
should be qu i t e  c l e a r  except perhaps in, a reas  of inc l ined in te r faces .  
Fringes i n  the  vicini,Ly of the  p r e c i p i t a t e  w i l l .  not be local ized t o  the  ex- 
.t.ent of coherency s t r a i n  f r i n g e s  but  should r e s u l t  Prom ex t inc t ion  cont,o-us 
i.ntrodlyzced by f o i l  buckling. Fringes a t  TncXned in te r faces  r e s u l t  from 
d i f f rac t ion .  contras, t  e f f e c t s  analogous t o  Lhose prod-uced 'by a f a u l t  plane. 
These e f f e c t s  from two phase mater-i.als have 'been f a l l y  t .reated by Iiirsch, 
e t  a l .  ( 2 ) .  --
A third type  of p r e c i p i t a t e  f requent .1~  er~co1untered i s  t h e  p a r t i a l l y  
cohererh par t l .c le .  Here the  requirement Is the  coherence of a t  l e a s t  one 
of t h e  i n t e r f a c e s .  As a r e s u l t ,  some or ienta t ion.  re la t i .on  between the 
parent  ac.d p r e c i p i t a t e  l a t f i c e s  will occur. An. i n i . t i a 1  stage i n  car'bide 
p r e c i p i t a t i o n ,  character ized by ' this  type of part.i.cle, i s  a d i s t i n c t  poss i -  
b i l i t y ,  Andrews has shown t h a t  carbon difFclsion and small s h i f t s  of i r o n  
atoms I n  the  b.c.c. i a k t i c e  a r e  a l l  t;ha.L i s  required t o  form cementite (132). 
Evidence f o r  th5.s occurrence i s  i23ust ra ted  i n  t h e  mi.crograph and mat,chi.ng 
SAD p a t t e r n  shown i n  Figures 44 and 103, respeet;l.vely, The micrograph shows 
t h e  regioE of the  p r e c t p i t a t e  t o  be made up of a combi.nation of con t ras t  
e f f e c t s  both sharp and di f fuse .  The d i f f r a c t i o n  p a t t e r n  solut ion shows 
re f l ec t ions  A and B t o  correspond t o  the  (030) a ~ d  ( 023 )  planes,  respect ively .  
This so lu t ion  indica-tes t h e  re la . t ion  (100) 1 1  (001) t o  hold be%weer~ the  0 a! 
cementite and f e r r i t e  matrix wi th  [ O l O l g  / I  C ~ T O ] ~ .  A complete two -dimensioral 
a r r a y  was no* obtainable f o r  the  SA9 p a t t e r n  of the  p r e c i p i t a t e  shown, which 
could be the  r e s u l t  of a di.ff iciency ii i  the  three-dimensional developmefit of 
t.he part ; icle.  This i l l u s t r a t i o n  i s  not proof of the  occ'urren.ce of p a r t i . a l  
c ~ h e r e ~ c y ,  but the  evidence shows t h a t  i t  i.s a d i s t i n c t  p o s s i b i l i t y .  
The s t r a i n  energy of an incoherent, p r e c i p i t a t e  p a r t i c l e  i s  a funct ion 
of i t s  shape. Under s u i t a b l e  condit ions t h i s  s t r a in .  can be made very small.  
Nabarro (145) has shown t h e o r e t i c a l l y  t h a t  the  s t r a i n  energy introduced i n t o  
a system by the  crea t ion of ar, i n c o h e ~ e n t  p r e c i p i t a t e  is  l e a s t  f o r  d i s c  
shaped p a r t i c l e s ,  g r e a t e s t  f o r  spheres, and intermediate f o r  needle configura-  
t i o n s  . Consequently, incoherent nuc le i  formed under cons t r a i n t  i n  a s o l i d  
phase w i l l  always have a shape approximating a f l a t  plat,& o r  an ob la te  
spheroid. The s t r a i n  energy f o r  a coherent par't;'icle a l so  va r ies  with t h e  
shape. However, only a l imi ted  reduction i n  .the s t r a i n  can normally be 
achieved by changing t h e  shape. If i t  were not f o r  surface energy e f f e c t s  
a l l  p r e c i p i t a t e s  might be expected t o  be incoherent.  
The surface energy which opposes t h e  s t r a i n  energy f a c t o r  i s  much 
l a r g e r  f o r  an incoherent boundary than f o r  a coherent boundary. Since the  
s t r a i n  energy i.s proport ional  to  the  volume of a precipi . tate p a r t i c l e ,  -the 
surface energy w i l l  be the  dominant energy f a c t o r  f o r  t h e  smaller p a r t i c l e  
s i z e s .  !lkus, the nucle i  may be coherent while t h e  moye mature precipi ta .ke 
c r y s t a l s  a re  in.coherent. As the  nucleus grows the  s t r a i n  energy w i l l  ic- 
crease u n t i l  it may become energe t i ca l ly  favora'ble f o r  the  p a r t i c l e  t o  "break 
away" from the  matrix. According t o  Chr i s t i an ,  t h i s  breaking away should 
occur q u i t e  e a r l y  i n  a  nuclea t ion  and growth reac t ion .  
Di f f rac t ion  and con t ras t  e f f e c t s  from two-phase mater ia ls  a s  ob- 
served in  the  e l ec t ron  microscope a r e  important t o  t h i s  work. I n  summary, 
t h e  presence of p a r t i c l e s  o f  a  p r e c i p i t a t e  phase can have severa l  e f f e c t s  
on the  d i f f r a c t i o n  p a t t e r n  from the parent matrix. The d i f f r a c t i o ~  p a t t e r n  
of t h e  second phase may be sulperimposed on t h a t  of t h e  parent  l a t t i c e .  
P r e c i p i t a t e  shape e f f e c t s  on matrix r e f l e c t i o n s  may a l s o  be present  i n  the  
t o t a l  p a t t e r n .  The presence of the  p r e c i p i t a t e  can produce changes i n  t h e  
matrix d i f f r a c t i o n  spots .  Double d i f f r a c t i o n  may occur when t h e  e l ec t ron  
beam must pass  through both phases. 
I n  t h e  case of small coherent p a r t i c l e s ,  t h e r e  a r e  two of  these  
e f f e c t s  t o  consider .  F i r s t ,  the  segregation of so lu te  atoms i n t o  p rec ip i -  
t a t e  c l u s t e r s  produces centers  having a  d i f f e r e n t  s c a t t e r i n g  power from 
t h a t  of  the  matrix. The shape of the  r ec ip roca l  l a t t i c e  po in t s  f o r  t h e  
parent  phase w i l l  accordingly depend on the  shape of t h e s e  p a r t i c l e s .  
Spher ica l  precipitates produce a diffuse shell around each r e c i p r o c a l  l a t t i c e  
po in t .  Disc shapes produce a  s t r e a k  through each point  perpendicular t o  
the plane of the  d i sc .  For rod shapes the re  i s  a  sheet  of  i n t e n s i t y  formed 
through each r e c i p r o c a l  l a t t i c e  point .  The second e f f e c t  on d i f f r a c t i o n  i s  
produced by e l a s t i c  d i s t o r t i o n  of the  matrix.  The r e s u l t  i s  displacement 
and s t reaking of t h e  l a t t i c e  po in t s  i n  a  d i r e c t i o n  p a r a l l e l  t o  the  d i s t o r -  
t i o n .  The e f f e c t  i s  c h a r a c t e r i s t i c  of segr'egation by the  so lu te  atoms t o  
planes p a r a l l e l  t o  parent  matr ix planes.  Care must be taken i n  i n t e r p r e t i n g  
t h i s  p a r t i c u l a r  e f f e c t  because plane f a u l t i n g  of a  pure phase may give  r i s e  
t o  a  s imi la r  d i f f r a c t i o n  p a t t e r r .  This information i s  q u i t e  u s e f u l  i n  ex- 
plain. ing d i f f r a c t i o n  con t ras t  f ea tu res  t o  be described l a t e r .  
P a r t i a l l y  coherent p a r t i c l e s  genera l ly  have c r y s t a l  s t r u c t u r e s  which 
a r e  c lose ly  r e l a t e d  t o  t h a t  of t h e  matrix. The p r e c i p i t a t e  i n  t h i s  case 
w i l l  d i f f r a c t  according t o  i t s  own c r y s t a l  s t r u c t u r e  and t h e  resulti.r;g com- 
pound p a t t e r n  may revea l  t h e  o r i e n t a t i o n  r e l a t i o n  between the  p rec i .p i t a t e  
and matrix l a t t i c e s .  The l a t t e r  e f f e c t  i s  not a  necessary r e s u l t  s ince  
t h e  prominent zones f o r  both l a t t i c e s  w i l l  not appear together  f o r  a l l  
sample o r i e n t a t i o n s .  The most d i s t i n c t i v e  f e a t w e  f o r  d i f f r a c t i o n  p a t t e r n s  
from p a r t i a l l y  coherent p r e c i p i t a t e s  i s  t h e  c l u s t e r i n g  of small  spots  
s l i g h t l y  displaced from matrix spots  ( 2 ) .  
Non-coherent p r e c i p i t a t e s  d i . f f r ac t  according t o  t h e i r  own c ~ y s t a l  
s t r u c t u r e .  Complications t o  the  d i f f r a c t i o n  pat . tern a r i s e  from t h e  super- 
p o s i t i o n  o f  p a t t e r n s  and double d i f f r a c t i o n .  The l a t t e r  e f f e c t  may l ead  
.to the  r e p e t i t i o n  o f  the  p r e c i p i t a t e  p a t t e r n  around each matr ix  r e f l e c t i o n .  
I n  genera l ,  non-coherent p r e c i p i t a t e s  bear  no s p e c i f i c  o r i e n t a t i o n  r e l a t i o n -  
sh ip  t o  the  matrix. As a  r e s u l t ,  t he re  i s  no reason f o r  a  prominent zone 
p a t t e r n  f o r  t h e  p r e c i p i t a t e  t o  appear coincident  with one f o r  the  matrix.  
The i n t e n s i t y  of t h e  d i f f r a c t i o n  p a t t e r n  obtained from t h e  p r e c i p i t a t e  i s  
p a r t i a l l y  dependent on the  quan t i ty  of m a t e r i a l  present .  Therefore, t h e  
presence o f  a  second phase i s  not necessari1.y r u l e d  out  from t h e  l ack  of  an 
observable pa t t e rn .  I n  add i t ion ,  some non-coherent p r e c i p i t a t e s  a r e  amor- 
phous and produce no ex t ra  spots  ?n t he  composite p a t t e r n .  
The i n t e r p r e t a t i o n  of con t ras t  from p a r t i c l e s  i n  a  second phase i s  
a complex problem. For a  treatment of the  subject  one i s  r e f e r r e d  t o  the  
book by Hirsch, e t  a l .  (2 ) .  A r igorous  ana lys i s  of t h e  c o n t r a s t  e f f e c t s  ob- --
served i n  t h i s  work w i l l  not be given s ince  the  subjec t  being explored can 
be more than adequately t r e a t e d  without i t .  I n  t h e  present  study the  
con t ras t  e f f e c t s  t o  be explained were f o r  t h e  most p a r t  0bvio.u~ e f f e c t s  
caused by d i f fe rences  i n  t h e  s t r u c t u r e  f a c t o r  between p r e c i p i t a t e  and 
matrix and by d i f f r a c t i o n  con t ras t .  Dark f i e l d  techniques have beec .used 
when appropriate t o  i d e n t i f y  t h e  p r e c i p i t a t e  phase. Af te r  iden t i fy ing  the  
p r e c i p i t a t e  phase under experimental condi t ions  which produced it  i n  quan- 
t i t y ,  t h e  r e a c t i o n  condit ions were modified t o  reduce the  amount formed 
and thereby t o  t r a c e  the  r e a c t i o n  produced p r e c i p i t a t e  t o  i t s  point  of  
Eucleat ion.  The con-t;rast e f f e c t s  r e f e r r e d  t o  a s  carbi.de nucle i  al.though 
not completely charac ter ized  i n  t h i s  work a r e  a  r e s u l t  of r eac t ion  and 
appear a t  de fec t s  shown t o  be  associa ted  with i d e n t i f i a b l e  carbide p a r t i c l e s .  
Elec t ron microscopy i s  a l s o  u s e f u l  f o r  determining t h e  h a b i t  planes 
of p r e c i p i t a t e  phases. An observa.tion of  plate-shaped p a r t i c l e s  can a r i s e  
from two causes. F i r s t ,  p l a t e  shapes can r e s u l t  i n  lower s t r a i n  energies 
a s  mentioned e a r l i e r .  However, the  requirement t h a t  a  p l a t e  shape be adopted 
s t i l l  does not determine the  crys ta l lographic  plane on which t h e  p a r t i c l e  
w i l l  form. I n  i ron ,  p r e c i p i t a t e s  form p r e f e r e n t i a l l y  on {loo] o r  {110] 
planes (141). The [lo03 h a b i t  plane has been commonly observed f o r  coherent 
and semi-coherent p r e c i p i t a t e s  (141). This may be the  r e s u l t  of t h e  minimum 
e l a s t i c  modulus i n  the  < 100 > d i r e c t i o n  i n  cubic metals .  I f  most of the  
s t r a i n s  introduced by the  c rea t ion  of a  p r e c i p i t a t e  a r e  accommodated i n  t h e  
C 100 > d i r e c t i o n ,  then t h e  s t r a i n  energy has been minimized f o r  t h e  pa r t i . -  
c l e  under considerat ion.  Therefore, a  p r e c i p i t a t e  p l a t e  of [lo03 h a b i t  i s  
t h e  conf igura t ion  o f f e r i n g  the  lowest s t r a i n  energy poss ib le  f o r  precipi- 
t a t i o n .  
A s p h e r i c a l  shape i s  not always t h e  necessary conf igura t ion  f o r  a  
p r e c i p i t a t e  which introduces very l i t t l e  s t r a i n  i n t o  the  system. C e r t a f r ~  
crys ta l lographic  planes may produce a  lower i n t e r f a c i a l  energy with the  
p r e c i p i t a t e  than o the r s  due t o  good matching of the  p r e c i p i t a t e  and matrix 
1a t t i .ces  a t  t h e  in te r face .  The formation of  a  polyhedron o r  a p l a t e  could 
then l ead  t o  minimization of  t h e  surface  energy. Even when appreciab1.e 
s t r a i n  i s  involved the  combination of s t r a i n  reduct ion  by p l a t e  formation 
and surface  energy accommodatior, by s u i t a b l e  hab i t  plane precipi ta ,bion can 
r e s u l t  i n  the  conf igura t ion  with the  lowest poss ib le  t o t a l  energy. The 
plane of c l o s e s t  packing i n  i r o n  i s  the  [110]. It i s  known t o  be t h e  h a b i t  
plane f o r  s e v e r a l  systems i n  which surface  energy minimization i s  more impor- 
t a n t  than the  r edcc t ion  of s t r a i n  energy obtained with a  [loo] hab i t .  
Mater ia ls  wi th  hexagonal s t r u c t u r e s  a r e  notable examples (141). Cementite 
has a l s o  been repor ted  t o  have 11103 h a b i t  planes i n  i r o n  (131,136,138) 
although i t s  c r y s t a l  s t r u c t u r e  i s  a  complex orthorhombic type. 
c .  Character  of Nucleation S i t e s .  The c rys ta l lograph ic  f e a t u r e  which 
was observed t o  a c t  a s  the  primary s i t e  f o r  carbide nucleat-ion was the  d i s -  
l o c a t i o n  sub-boundary. Ind iv idua l  d i s loca t ions  a l s o  appeared t o  a c t  i n  
t h i s  capaci ty .  
The sub-boundaries c h a r a c t e r i s t i c  of the  i ron  f i lms  tended t o  give 
< 110 > t r a c e s  i n  the  surfaces  of  the  i r o n  c r y s t a l s .  Another interes,ti .ng 
f e a t u r e  of t h e  sub-boundaries was the  f a c t  t h a t  the  ind iv idua l  d i s loca t ions  
could norma1l.y not be resolved i n  the  e l e c t r o n  microscope. As shown 
e a r l i e r ,  t h i s  imp1i.e~ t h a t  t h e  d i s l o c a t i o n  l i n e s  overlapped. The r e s u l t  
was a tendency f o r  formation of a  {110] boundary plane perpendi.cular t o  the  
plane of the  f i lm.  The o r i e n t a t i o n  of the  f e r r i t e  matr ix on e i t h e r  s ide  o f  
t h e  sub-boundary appeared t o  be very c lose  a s  shown by e l e c t r o n  d i f f r a c t i o n .  
Thus, the  na ture  of  t h i s  f a ~ l t  boundary appears t o  r e s u l t  i n  a  l e s s e r  de- 
gree of misor ienta t ion  than t h a t  o f t e n  accompanying t h e  formation of the  
low angle boundaries of  polygonized mater ia l .  
The d i s l o c a t i o n  d e n s i t i e s  of the  f i lms were not determined s ince  
it was no5 poss ib le  f o r  a l l  t h e  d i s l ~ c a t ~ i o n s  i n  t h e  boundaries t o  be re -  
solved. 'The number of d i s loca t ions  e x i s t i n g  o ther  than i n  the  boufidarfes 
must have been extremely small s ince  extensive annealing was conducted p r i o r  
t o  exposure t o  t h e  CO. A s  a  r e s u l t ,  t he  charac ter  o f  nuclea t ion  on i s o l a t e d  
d i s loca t ions  may not  have been proper ly  displayed i n  the  micrographs of 
t h i s  research .  
Figure 41 shows a  complex s t r u c t u r e  o f  n u c l e i  i n  an area between 
p e r p e n d i c ~ l a r  sub-boundaries. There seem t o  be d i s loca t ions  pinned i n  the  
sub-boundaries which pass i n t o  the  nuc le i  complex. The evidence ind ica tes  
t h a t  nuclea t ion  may be associa ted  with ind iv idua l  d i s loca t ions  a s  we l l  a s  
sub-boundary planes. Support of ind iv idua l  d i s loca t ions  ac t ing  as  nuclea- 
t i o n  cen te r s  may be found i n  the  micrographs f o r  Reaction 12. This run was 
c a r r i e d  out  a t  4 5 0 ~ ~  f o r  1 hour a t  5 CI, of CO pressure. Here almost a l l  d i s -  
loca t ion  f  eazures contain nuc le i .  
A reasonable p i c t u r e  of the  d i s l o c a t i o n  dens i ty  i n  t h e  sub-boundaries 
may be obtained from Figure 43. I n  the  micrograph a  region of t h e  i ron  
c r y s t a l  i s  surrounded by a  d i s loca t ion  sub-boundary. It i s  evident  t h a t  
some segments of t h e  boundary a r e  inc l ined  t o  t h e  plane o f  the f i l m  allow- 
ing r e s o l u t i o n  of t h e  ind iv idua l  d i s loca t ions .  The spacing i s  abou5 100 i. 
Considerable segregation of so lu te  t o  individual  d i s loca t ions  can the re fo re  
occur before  a  combined a c t i o n  of t h e  d i s loca t ions  a t  sub-boundaries could 
be expected t o  dominate t h e  p r e c i p i t a t i o n  process.  
Since nuclea t ion  f o r  t h i s  r e a c t i o n  occurs almost exclus ively  a t  
d i s loca t ions  and d i s loca t ion  sub-boundaries, the  dens i ty  of n a c l e i  i s  
highly heterogeneous. The nuc le i  may be q u i t e  c l o s e l y  spaced along tl: 
same defec t  l i n e .  However, the  nuc le i  dens i ty  taken over a  r e l a t i v e l y  
l a r g e  area  i s  r a t h e r  uniform due t o  an o v e r a l l  uniformity of t h e  crystal;o- 
graphic de fec t s ,  i . e . ,  Figure 95. 
Figures 92, 93, and 94 a r e  good examples of an e f f e c t  apparently 
a s soc ia ted  wi th  t h e  presence of  small  p r e c i p i t a t e s  i n  sub-boundaries. 
Numerous d i s loca t ions  a r e  seen t o  be pinned a t  po in t s  i n  the  boundaries 
which can be d i r e c t l y  r e l a t e d  t o  p r e c i p i t a t e  nuc le i .  However, t30 use d i s  - 
l o c a t i o n  pinning i n  sub-boundaries alone as  evidence of  t h e  exis tence  o f  
smal l  p r e c i p i t a t e s  i s  d i f f i c u l t .  The boundaries themselves can p i n  o r  r e -  
t a r d  the  movement of d i s loca t ions ,  but  t h e  degree t o  which t h i s  occurs 
should be l e s s  than t h a t  a r i s i n g  from pinning by p r e c i p i t a t e s .  The point  
i s  made because micrographs taken of  reacted films showing large prec ip i -  
t a t e s  but  low p r e c i p i t a t e  dens i ty  r a i s e  t h e  quest ion of the  charac ter  of 
l i k e l y  nuclea t ion  s i t e s  seemingly uneffec ted  by t h e  reaction. Tn other  
words, might not f o i l  supersa tura t ion  be l i m i t e d  t o  ve ry  l o c a l  a reas  due 
t o  l o c a l  CO decomposition. 
Reaction 6 i s  a  good example f o r  i n i t i a t i n g  an explanation of t h i s  
quest ion.  This run  was made a t  3 5 0 ~ ~  under 100 IJ, of CO f o r  1 hour. The 
data  f o r  t h i s  r e a c t i o n  show tha t  some p r e c i p i t a t e s  have formed but  t h a t  
t h e  p r e c i p i t a t e  dens i ty  i s  abnormally low. This c o n s t i t u t e s  a  condit ion 
where nuclea t ion  should become rap id  under t h e  assumption of uniform f i l m  
supersa tura t ion .  Therefore, many p o t e n t i a l  nuc le i  should e x i s t  a s  so.:ute 
c l u s t e r s  on t h e  d i s l o c a t i o n  bcundaries. The e lec t ron  micrographs of Reaction 
6 show a  high degree o f  sub-boundary decorat ion by d i s loca t ions .  The p i c -  
t u r e s  of t h i s  e f f e c t  a r e  shown i n  Figures 65, 66, and 67. Considering the  
r e a c t i o n  condit ions and t h e  high incidence of d i s loca t ion  decorat ion,  it  
seems p laus ib le  t h a t  much of t h e  pinning i s  caused by the  presence of 
p r e c i p i t a t e  embryos. Fur the r ,  j u s t i f i c a t i o n  f o r  t h i s  supposi t ion i s  derived 
from t h e  r e l a t i v e l y  low incidence of decorat ion i n  unreacted f i lms  and f i lms 
i n  which a  g r e a t  d e a l  of p r e c i p i t a t i o n  has occurred. I n  the  l a t t e r  type of 
experiment, t h e  embryos a r e  expected t o  d issolve .  The lowering of the  de- 
gree  of supersa tura t ion  coupled wi th  the  surface  and s t r a i n  energies asso- 
c i a t e d  w i t h  t h e  n u c l e i  w i l l  cause re - so lu t ion  of n u c l e i  a f t e r  prefer red  
growth cen te r s  a re  es tabl i shed.  The e f f e c t  i s  a l s o  associa ted  with t h e  
s e n s i t i v i t y  of  the  volume nuclea t ion  r a t e  t o  t h e  degree of supersa tura t ion .  
These observations present  p laus ib le  evidence t h a t  carbon s a t u r a t i o n  of t h e  
l a t t i c e  r e s u l t i n g  from CO a t t a c k  i s  not  loca l i zed .  
d. The Var ia t ion  of the  Nuclei Density wi th  Temperature, Pressure ,  
and Time. The phenomena involved i n  the  p r e c i p i t a t i o n  of carbon from an 
i r o n  s i n g l e  c r y s t a l  rece iv ing carbon from a  surface  r e a c t i o n  make r igorous  
ana lys i s  of the  dens i ty  of nuclea t ion  s i t e s  a  d i f f i c u l t  problem. An ob- 
j e c t i v e  of  t h i s  study was t h e  formulation of a  p laus ib le  explanation f o r  
t h e  observed v a r i a t i o n  of p r e c i p i t a t e  nuc le i  and p a r t i c l e  populat ion den- 
s i t i e s  w i t h  temperature, pressure ,  and time. The v a r i a t i o n s  a r e  shown i n  
Table 18. I n  r e t r o s p e c t ,  it i s  evident t h a t  a  minimal amount of experimental 
da ta  i s  ava i l ab le  f o r  t h i s  ana lys i s .  However, i t  i s  proposed on t h e  b a s i s  
of the  information a v a i l a b l e  t h a t  t h e  degree of supersa tura t ion  i s  t h e  para-  
meter d i r e c t l y  responsib le  f o r  the  observed va r i a t ions .  
The degree of supersa tura t ion  a s  a  dr iv ing p o t e n t i a l  f o r  p r e c i p i t a t i o n  
i s  i n  i t s e l f  a  funct ion of both  temperature and s o l u t e  concentrat ion.  The 
s e n s i t i v i t y  of t h e  nucleat ion r a t e  t o  the degree of supersa tura t ion has 
already been es tabl ished.  I n  an i n i t i a l l y  sa tu ra ted  so lu t ion ,  a decrease 
i n  temperature w i l l  b r ing about an increase  i n  the  degree of supersatura-  
t i o n ,  while a t  constant temperature an increase i n  solwte content w i l l  g ive 
a  s imi lar  r e s u l t .  I n  t h i s  study temperature, CO pressure,  and time were 
t h e  adjus table  parameters, and a l l  th ree  may e f f e c t  t h e  carbon content of  
t h e  i r o n  f i lm.  The s o l u b i l i t y  of carbon i n  i r o n  var ies  with temperature 
but  i s  always extremely small.  The degree t o  which CO can supersa tura te  
i r o n  is  unknown but may be c lose  t o  constant  when t h e  temperature i s  varied 
and t h e  CO pressure held constant .  The bas i s  f o r  t h i s  l i n e  of reasoning 
i s  t h a t  t h e  maximum carbon content obtainable above t h a t  f o r  sa tu ra t ion  may 
w e n  vary with temperature i n  t h e  same manner a s  the carbon concentrat ion 
f o r  sa tu ra ted  f e r r i t e .  Also, it i s  p laus ib le  t h a t  a  maximum concentrat ion 
does e x i s t  f o r  r e l a t i v e l y  low carbon concentrat ion.  This i s  proposed since 
martensite having a  carbon content of approximately 0.025 weight per cent  
(158) must e x i s t  a s  an unstable body-centered-tetragonal c r y s t a l  (an ey- 
panded f e r r i t e  l a t t i c e ) .  I n  o the r  words, the re  must be a  l i m i t  t o  the  
amount of carbon the  i ron  matrix w i l l  accept before t h e  l a t t i c e  i s  s i g n i f i -  
c a n t l y  modified. 
Pressure may e f f e c t  t h e  r a t e  of decomposition of CO on t h e  i ron  sur-  
f ace  and thus the  r a t e  of carbon penet ra t ion  i n t o  t h e  l a t t i c e .  These two 
phenomena may take place a t  the same r a t e  or  e l s e  CO decomposition i s  the  
slower process s ince  surface carbon was not found t o  bu i ld  up t o  a  d e t e c t i -  
b l e  l e v e l  by analys is  with the  e lec t ron  microscope. Surface graphi-te, as 
shown l a t e r ,  appeared only a f t e r  a  second nucleat ion had begun. 
An e f f e c t  on the  r a t e  of decomposition of CO, whether caused by 
temperature o r  pressure  change, w i l l  r e s u l t  i n  a  time dependence of t h e  
carbon concentrat ion i n  t h e  sample. As a r e s u l t  the  nuclea t ion  r a t e  may 
be time dependent s ince  it i s  a  very s e n s i t i v e  funct ion  of  the  degree of 
supersa tmat ion .  As previously discussed,  nuclea t ion  on d i s loca t ions  i s  
expected t o  have l i t t l e  energy b a r r i e r  r e s i s t e n c e  and consequently t o  occur 
r a p i d l y  i n  a  supersa tura ted  matrix.  Therefore, a  time dependence of t h e  
nuclea t ion  r a t e  i s  not expected t o  r e s u l t  from the  energy b a r r i e r  considera- 
t i o n  inherent  i n  many nucleat ion processes. Also, it i s  reasonable t h a t  
d i f fus ion i n  such t h i n  f i lms  w i l l  not con t r ibu te  t o  an appreciabie time 
dependence of t h e  degree of supersa tura t ion  if carbon i s  supplied t o  the  
l a t t i c e  uniformly over t h e  surface .  A s  was shown i n  t h e  l a s t  sec t ion ,  
s a t u r a t i o n  of t h e  f i l m  appears t o  be uniform. I f  a  l a r g e  number of  s i t e s  
f o r  CO decomposition e x i s t s  i n  comparison wi th  the  number of d i s loca t ion  
sub-boundaries, a  uniformly d i s t r i b u t e d  supply of carbon t o  the  l a t t i c e  
would r e s u l t .  
The populat ion d e n s i t i e s  f o r  t h e  product nuc le i  o f  Reactions 1 and 2 
a r e  q u i t e  s i m i l a r ,  a s  shown i n  Table 18. Both experiments were run  a t  2 5 0 ~ ~  
us ing 1,000 p of CO pressure .  Reaction 2 was run f o r  2.5 hours o r  more than 
twice t h e  time of Reaction 1, a one-hour exposure. The nucleus d e n s i t i e s  
overlap considerably f o r  t h e  two runs and t h e i r  averages a r e  c lose .  Thus, 
no d i s t i n c t i o n  can be made between t h e  two d e n s i t i e s .  However, the  average 
nucleus s i z e  f o r  Reaction 2 i s  c l o s e  t o  twice the  value f o r  Reaction 1. It 
i s  not u n r e a l i s t i c  then t o  propose t h e  growth r a t e  f o r  the  nuc le i  t o  be 
nea r ly  constant  i f  a s teady value f o r  t h e  degree of supersa tura t ion  i s  
maintained t b o u g h o u t  prec ip i ta t ior -  
The I.mplication i s  t h a t  CO decomposes a t  a  r a t e  s u f f i c i e n t  t c  
maintain a constant  d i f fus ion  gradient  f o r  p a r t i c l e  growth. Again, t h e r e  
was no evidence t o  suggest a  surface  carbon build-up. 
A cornpari.son of the  average nucleus s i z e  wi th  t h e  corresponding 
s i z e  range i n  both reac t ions  suggests t h a t  the  major i ty  of t h e  nuc le i  were 
formed a t  t h e  same time assuming each nucleus grew a t  roughly the  same r a t e .  
Under t h e  l a t t e ~  assump.tion t h e  nxiclei would have had t o  form very e a r l y  
i n  t h e  r eac t ion .  A s  previously shown, t h i s  system would be  expected t o  
generate ,the growth n u c l e i  r a p i d l y  upon supersa tura t ion  of t h e  f i lm.  The 
f a c t  t h a t  the  growth per  hour f o r  both Reacti0n.s 1 and 2 a r e  c lose  t o  the  
same i s  indi .cat ive t h a t  supersa tura t ion  i s  developed e a r l y  i n  both experi-  
ment s . 
The data  f o r  the  nucleus dens i ty  f o r  Reaction 7, run a t  350 '~  f o r  
1. hour under 5 1 of carbon monoxide, i .ndicate t h a t  the  f i l m  i s  i n  the  ini . -  
t i a l  s tages  of p rec ip i t a t ion .  The r a t e  of increase  of carbon concentrat ion 
must have been re la t i . ve ly  slow i n  the  experiment s ince  t h e  p r e c i p i t a t e  den- 
s i t y  was abnormally low f o r  nuclea t ion .  The impl ica t ion  i s  tha t  the maxi- 
mum degree of supersa tura t ion  corresponding t o  the  carbur iz ing  p o t e n t i a l  
of  t h e  CO under t h e  experimental condit ions used could not  be a t ta in ,ed  
wi th in  1 hour. Thus, t h e  CO decompositior, r a t e  i s  dependent on t h e  pressure  
i n  t h e  region of 5 p. Rela t ive ly  extens ive  p r e c i p i t a t i o n  took place  f o r  a 
longer r e a c t i o n  run  a s  w e l l  a s  f o r  r eac t ions  a t  t h e  same temperature and 
time of exposure 'but higher pressures .  
For the  run a t  450 '~  with 5 p CO f o r  1 hour, t h e  dens i ty  o f  n u c l e i  
was t h e  l a r g e s t  o'bserved. The reac t ion  number i s  12 and t h e  data  a r e  pre- 
sented i n  Table 18. I n  comparing t h i s  run  wi th  the  5 p - 1 hour run  a t  
0 
350 C, it  i s  evi.dent, t ha t  t he  increase i.n tempera,t;ure brings about a 
much higher degree of sapersa-txeation w5thi.ii 1 hour. Thus, the  r a t e  of" 
decomposr',.tion of CO increases with temperature. For higher pressures of 
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CO a t  450 C and withir,  1. hour of react.ior:, a  r e l a t i v e l y  l a rge  amou.nb of 
precipi ta t ion,  occms ,  again indicat ing the r a t e  of CO decompositioc t o  in-  
crease wi th  i r~creas ing pressure. A s  w i l l  be shown l a t e r ,  the re  i s  an 
apparent l i m f i ,  t o  t h i s  increase with pressure a t  l e a s t  i n  t-he ea r ly  stages 
of react ion.  The pop.iLation densi ty  of preeipi . tates drops o f f  d r a s t i c a l l y  
f o r  the  higher pressure rm a t  450'~. This i s  a.t.i;ributed t o  the  p re fe r -  
e n t i a l  growth f o r  some nucle i  and the  dissolut ion of t h e  others .  A .ccrii- 
form d i s t r ibu t lo r ,  of grow.th nuclei, o r  p ~ e c i p i t a t e  p a r t i c l e s  i s  t h e  r e s u l t ,  
and t he  population densi ty  charac.teri.zes the  r a t e  of growth. The g rea te r  
the  growth r a t e  the  l a rge r  w i l l  be the  area  effected by the  car'bon drain- 
ing toward t he  carbide p a r t i c l e .  This characterizat i .on w i l l  be demonstrated 
l a t e r  f o r  the  runs amenable t o  comparisons which were made using 1,000 p, 
of carbon monoxide and a 1-hour exposure. 
e. Physical  Character of the Carbide Nuclei. Micrographs of t h e  
nuc le i  formed a t  250, 350, and 450'~ a r e  i l l u s t r a t e d  i n  t h e  s e r i e s  of fi- 
gures given f o r  Eeactiocs 1 and 2 ca r r i ed  out  a t  1,000 p,  and Reactions 7 
and 1 2  cond~c t ed  under 5 p of CO. The morphologies of t he  nuc le i  i~ each 
individual  run a r e  qui te  s imi la r .  However, from one temperature t o  another 
t he  change i n  the  morphology of the  nuclei  i s  s t r ik ing .  This observation 
i s  considered p a r t l y  due t o  thermal energy changes which e f f ec t  n u c ~ e u s  
growth processes.  Also, the  stage i n  the  nucleation captured by each 
reac t ion  d i f f e r s .  The observations f o r  each reac t ion  w i l l  be t r e a t ed  
f ndivid-ually . 
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Reaction 1 was ca r r i ed  out  a t  250 C i n  1,000 p of CO f o r  1 hour, 
The nucle i  were characterized i n  t h e i r  f i l m  plane projec t ions  by dis t inc t :  
a reas  of d i f fuse  con t ras t  ar,d of intermediate in-tensity. I:?side these  
areas  t h e r e  d id  e x i s t  d i s t i n c t  dark fea tu res  although wi2hout sharp ou t l ines .  
The d i s c r i p t i o n s  of the  l a t t e r  f ea tu res  range from that  of a  grainy t ex tu re  
t o  dense cores.  The nucle i  were genera l ly  elongated and l a y  a t  angles t o  
the  sub-boundaries on which they formed. The an.gles most o f t en  encountered 
0 0 
were approximately 19 , 26') 32O, 45O, 57O, 6 4 O ,  80°, and 90 . I f  the  scb- 
boundaries a c t u a l l y  l i e  i n  < 110 > di rec t ions ,  then the  angles observed 
Fe 
correspond approximately t o  : <; 210 >, i 319 >, < 320 >, < 410 >, < 100 >, 
and < 110 > di rec t ions  i n  the  f i l m  plane. The angles were too sca t t e red  t o  
draw a  good conclusion. The measurements couid not  be made with precision 
due to uncer ta in t i e s  i n  the  p a r t i c l e  axes. 
It was not poss ib le  t o  r igorously  def ine  t h e  character  of t h e  d i f f u s e  
nucleus area and t h e  dark i n t e r n a l  fea-tures.  Whether t h e  d i f f u s e  regions 
cons t i tu ted  areas of a  new but coherent phase, carbon-rich segregates, o r  
s t r a i n  f r i n g e s  generated by 'the nucleat ion of coherent p a r t i c i e s  could not 
be d i r e c t l y  determined. It was c e r t a i n ,  however, t h a t  t h e  nuc le i  were ~ n -  
t a ined  within the matrix and not on the surface of the  f i l m .  Electron 
d i f f r a c t i o n  of the  nucle i  gave no new d i f f r a c t i o n  spots  nor any matrix re -  
f l e c t i o n  d i s t o r t i o n s  even on t i l t i n g  t h e  specimen i n  the  microscope. This 
indica ted  the  amount of p r e c i p i t a t e  mate r i a l  a c t u a l l y  present  t o  be l e s s  
than t h a t  expected from tihe appearance of the  micrographs. 
The s i z e s  of the nucle i  a re  given i n  Table 4 and range from 0.006 t o  
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0.065 p . The smaller nucle i  appear t o  extend from only one s ide  of t h e  
sub-boundaries while t h e  l a r g e r  nucle i  o f t en  cross them. The smaller nucle i  
appear as  dark knots bounded by semicircular  o r  t r i angu la r  regions of d i f fuse  
con t ras t .  Good examples a r e  shown i n  Figure 39. The nucleus character  j~ 
thus  indicated  t o  be coherent o r  p a r t i a l l y  coherent. 
Spec i f i c  f ea tu res  i n  two of  the  e lec t ron micrographs of Reaction 1 
warrant ind iv idua l  discussion.  Figure 43 shows what appears t o  be a t h i n ,  
perhaps coherent p l a t e  of p r e c i p i t a t e  o r  segregate mater ia l .  This nucleus 
l i e s  a t  an angle t o  the  plane of the  f i lm across a sub-boundary i s o l a t i n g  
a region of c r y s t a l .  The t r a c e  of t h e  upper boundary of the  nucleus l i e s  
along a < 100 > di rec t ion .  The implicat ion i s  t h a t  the  hab i t  plane of the  
nucleus i n t e r s e c t s  the  (001) face  of i r o n  i n  an < 180 > t r ace .  A l o g i c a l  
plane f o r  containing a carbon atom segregate giving r i s e  to  the  s t a t e d  
t r a c e  i s  a  [110] plane. Johnson (134) from a computer model of f e r r i t e  
predicted t h a t  carbon atom c lus te r ing  may occur on {110] type i ron  planes.  
Les l i e  (137) has proposed cementite t o  f i r s t  form on [110] planes of i ron  
i n  t h e  quench-aging of i ron .  The work of these inves t iga to r s  and t h e  pre- 
sent  research appear t o  be mutually supporting. The degree of the  support 
w i l l  be examined f u r t h e r  i n  l a t e r  sec t ions  of t h e  discussion.  Simi lar  nuc le i  
t o  those of Reaction 1 were captured i n  t h e  process of transforming d i r e c t l y  
i n t o  def inable  cementite. 
The second morphological f ea tu re  requir ing individual  discussion i s  
i l l u s t r a t e d  i n  Figure 42. Two near ly  p a r a l l e l  sub-boundaries are  shown 
which have nucleat ion taking place between them. A segment of one of the  
boundaries bordering the  nucleus i s  i n v i s i b l e  i n  the  micrograph due t o  d i f -  
f r a c t i o n  e f f e c t s .  The point  t o  be made i s  t h a t  t h e  area between two dis loca-  
t i o n  sub-boundaries of c lose  spacing (w 0.2 p i n  t h i s  case)  may be traversed 
by a cucleus i n  t h e  e a r l y  s tages  of development. Later ,  it w i l l  become 
apparent tha t  the area  between sub-boundaries must be a preferred  region 
f o r  cementite growth. 
Since wel l  defined p a r t i c l e s  of cementite a r e  incoherent with r e -  
spect  t o  bhe f e r r i t e  matrix, some s o r t  of coherent so lh te - r i ch  s tage  of 
development must be passed i n  t h e  o v e r a l l  p r e c i p i t a t i o n  process. Only the 
s i z e  of the  area a f fec ted  i s  debatable. Thus, the  d i f f u s e  area p i c t u ~ e d  in 
the  region of a  nucleus may be a coherent p l a t e  of so lu te - r i ch  phase while 
the  dark f e a t u r e s  may be p a r t i a l l y  coherent o r  incoherent, cementite nucleat-  
ing i n  the  segregate. This i s ,  of course, specious reasoning but a  good dea l  
more evidence tending t o  subs tan t i a te  t h i s  supposit ion was derived from ex- 
tending t h e  CO exposure t o  2.5 hours using t h e  same temperature and pressure 
condit ions.  
The ~ u c l e i  o r  areas  of nucleat ion f o r  Reaction 2 a r e  characterized by 
t h e  d i s t i r i c t  a reas  of d i f fuse  con t ras t  and ictermediate i n t e n s i t y  as  were 
those  of Reachion 1. However, the  dark i n t e r n a l  f ea tu res  of the  nucleat ion 
areas  f o r  Reaction 2 a r e  o f t en  sharply def ined  and of d e f i n i t e  c r y s t a l  
character .  Reaction 2 was c a r r i e d  out a t  2 5 0 ~ ~  f o r  2.5 hours under 1,000 p 
of CO, and the  micrographs of t h i s  run a re  given i n  sec t ion  C . 1 .  The f e a -  
t u r e s  r e f e r r e d  t o  a re  wel l  i l l u s t r a t e d  i n  Figures 44, 46, and 47. The nu- 
c lea t ion  a reas  may now be described a s  r e l a t i v e l y  l a rge  areas  of coherent 
so lu te  segregates i n  which nucleat ion of new c r y s t a l  s t r u c t u r e s  may t ake  
place a t  more than one point .  I n  Figure 46 a good example of a  s t r a i n  f r i n g e  
associa ted  with t h e  coherent mater ia l  i s  shown a6 point  A.  
Figures 44 and 45 a re  t y p i c a l  examples of the nucleat ion a reas  con- 
t a in ing  nuc le i  which were developing i n t o  p a r t i a l l y  coherent o r  incoherent 
c r y s t a l s .  This f a c t  i s  demonstrated by t h e  SAD p a t t e r n s  from the  a r e a s  cen- 
t r a l l j  l oca t ed  i n  t h e  micrographs. F igures  103 and 104 show t h e  correspond- 
i ng  p a t t e r n s .  There was obviously more than one product c r y s t a l  p resent  i n  
each case .  However, r e f l e c t i o n s  correspondirlg t o  s i n g l e  ca rb ide  g r a i n s  
were determined and t h e i r  p a t t e r n s  i n d i c a t e  cementi te  t o  be the  phase whlch 
was forming. As shown e a r l i e r ,  t he  presence of a p a t t e r n  f o r  t h e  s e c o ~ d  
phase proves t h e  p a r t i a l l y  coherent  o r  incoherent  cha rac t e r  of t he  d i f f r a c t -  
i ng  c r y s t a l .  The d i s t i n c t i o n  between p a r t i a l l y  coherent o r  incoherent  
cha rac t e r  f o r  t h e  n u c l e i  was not e s t a b l i s h e d  f o r  t h e s e  c r y s t a l s .  Only t h e  
two so lvab le  p a t t e r n s  were obta ined  from a t o t a l  o f  f i v e  taken o f  t h i s  
sample. I f  many o t h e r s  had been a v a i l a b l e  t h e  d i s t i n c t i o n  probably could 
not  have been made. Since t h e  o r i e n t a t i o n  r e l a t i o n s h i p s  found i n  t h e  two 
p a t t e r n s  were not  t h e  same, more than  one poss ib l e  o r i e n t a t i o n  r e l a t i o n s h i p  
would be  allowed between t h e  p r e c i p i t a t e  c r y s t a l  and t h e  mat r ix .  I n  t h e  
case  of incoherent  p r e c i p i t a t i o n ,  m a t r i x - p r e c i p i t a t e  o r i e n t a t i o n  r e l a t i o n -  
s h i p s  a r e  not  r equ i r ed  ( 2 ) .  The evidence f avor s  t he  l a t t e r .  
Evidence contained i n  F igu res  47 and 48 i n d i c a t e s  an orientation 
r e l a t i o n s h i p  between cementi te  and f e r r i t e  may be operable  a t  some s t age  i n  
t h e  p r e c i p i t a t i o n  process .  The r e l a t i o n s h i p  was seen t o  occur  f r e q u e n t l y  
dur ing  t h e  course of t h i s  r e sea rch .  The observa t ions  were s t r i a t i o n s  i n  
well-developed cementi te  c r y s t a l s  which had < 110 > t r a c e s  i n  t h e  b . c . c .  
i ron .  The c r y s t a l s  r e f e r r e d  t o  a r e  marked A i n  t h e  micrographs. The s i g -  
n i f i c a n c e  of t h e  s t r i a t i o n s  i s  t h e i r  analogy wi th  a f a u l t  f e a t u r e  found 
f r e q u e n t l y  i n  t h e  l a r g e  p r e c i p i t a t e  c r y s t a l s  formed under more r e a c t i v e  con- 
d i t i o n s .  I n  these  in s t ances  t h e  f a u l t i n g  p lanes  were determined t o  b e  (001) 
cement i te  p lanes .  Darken and F i s h e r  (135) have found t h e  (001) p lanes  of  
cementite i n  p e a r l i t e  t o  l i e  p a r a l l e l  t o  the  lamellae and p a r a l l e l  t o  the 
[UO] f e r r i t e  planes. Therefore, the  observations may be more than fo r -  
tu i tous .  
Although the  average s i ze  of the  nuclei  f o r  Reaction 2 i s  roughly 
twice t h a t  f o r  Reaction 1, the shapes and the  o r ien ta t ions  of the  nucle i  
with respect  t o  the  nucleating sub-boundaries a r e  qui te  s imilar .  This ob- 
servation indicates  a continuity of nucleus and p rec ip i t a t e  morphology under 
+he same conditions of pressure and temperature. 
Figures 68 and 69 show the  typ ica l  forms of t h e  nucle i  found a t  
0 
350 C and 5 p of CO ( ~ e a c t i o n  7). There seem t o  be two types. Figure 68 
shows a nucleus characterized by t he  dist inguishable but d i f fuse  contras t  
region of intermediate i n t ens i t y  having a dark and nondescript core. Selected 
area d i f f r ac t i on  of the  area gave no indicat ion t ha t  a new phase was forming. 
The nucle i  of t h i s  run a r e  in terpreted t o  be i n  t he  formative stage of de- 
velopment and a re  probably s t i l l  coherent. 
Fi.gure 69 shows some sub-boundary decoration by dis locat ions  seem- 
ingly pinned a t  "knots" i n  the  boundary. The "knots" a r e  l i k e l y  small pre- 
c i p i t a t e s  and a r e  t o  be expected i n  t h i s  form as  nucleation i s  i n i t i a t e d .  
Nucleation was not as  f a r  advanced i n  Reaction 7 as  it was i n  the  two pre- 
viously discussed react ions .  As a r e s u l t  the information obtained from t h i s  
run was l imited.  
The nuclei  formed a t  450'~ under 5 p of CO a f t e r  1 hour a r e  i l l u s t r a -  
t ed  i n  t he  microg~aphs f o r  Reaction 12. These nuclei  appear as  dark knots 
along the sub-boundaries of the  i ron s ing le  c ry s t a l .  There appeared t o  be 
a l a rge  var ia t ion  i n  the degree of complexity associated with the  dis loca-  
t i on  sub-boundaries present. However, none of t he  boundaries appeared t c  
be f r e e  of precipi . ta te  nuclei.. I n  fact, apparent sing1.e dislocat$ions 
con-t;ai.ned nuclei .  The l a rge s t  nucLei. were associated with t he  boundaries 
of greates. t  complexity as determined by su'b -boundary width. m e  physical  
p ic tu re  of nuc le i  on dis locat ions  presented by the  m.icrographs of Reaction 1 2  
supports the  t heo re t i c a l l y  proposed pic ture  by Cahn. 
The s i z e s  of the  nucle i  range Prom dots i n  the micrographs t o  knots 
d 
having projected areas  of only 0.006 p . These small  f ea tu res  d id  not 
y i e ld  charact ;er is t ic  d i f f rac t ion   pattern,^ nor d id  they cause d i s t o r t i on  of 
the matrix re f l ec t ions .  They were demonstrated t o  be d i s t i n c t  from t h e  
matrix by t i l . t i n g  experiments i n  the microscope i n  which the contras t  asso- 
c i a t ed  wi th  them couild not be eli.minated. Other contras t  f ea tu res  associated 
with the  matrix having the  same s i z e  as the  nuc le i  and being s imi la r ly  l c  
cated could be eliminated by t i l t i n g  t h e  specimens with respect  t o  the 
e lec t ron beam. 
Addition.al a t t en t i on  should be ca l l ed  t o  Figures 94 and 95. Figure 
94 gives a good i l l u s t r a t i o n  of a crys ta l lographic  feakure which probably 
i s  a  preferred s i t e  f o r  t h e  development of t h e  l a r g e  p r e c f p i t a t e s  formed 
under more r eac t i ve  conditions. The f ea tu r e  marked A i s  a region located 
between two nearly p a r a l l e l  sub-boundaries w 0.2 IJ, apar t .  It i s  evident 
t h a t  a  high concentrat ion of nucleation centers  ex i s t s  on the  boundaries 
as  we l l  a s  between them. The l a t t e r  l i e  on seemingly pinned dis locat ions  
which ex i s ted  t he r e  p r i o r  t o  react ion.  
Figure 95 was singled out f o r  spec i f i c  aktention due t o  the excellent; 
i E u s t r a t i o n  of the  ove ra l l  uniformity of the  d i s t r i bu t i on  of sub-boundaries. 
The p r ec ip i t a t e  decoration of t he  boundaries i .s  seen t o  be extensi.ve with 
the  nuclei. being randomly d i s t r i bu t ed -  
4. Morphology of the Cementite Pa r t i c l e s  
93i.s sect.ion w i l l  be d i rected t o  the  morphology of *he incoherent 
cementite precipikates .  The p a r t i c l e s  considered were formed i n  Reactions 
2, 3, 4, 5, 6, 8, 9, and 15. Excluded from considerat ion i n  t h i s  sect ion 
a r e  the  carbidic  p a r t i c l e s  formed i n  the  experiments invol.ving prolonged 
specimen .treatment. The r e su l t s  of these expe:riments a r e  t r e a t ed  separat;ely. 
A s  previously es tabl ished i n  t h i s  discussion, the  precipi ta t ,es  have 
the  cementite l a t t i c e  s t ruc tu re  but do not have a  f ixed l a t t i c e  orien ' tat ion 
re la t ionsh ip  t o  the  f e r r i t e .  It i s  then l e f t  t o  e s t ab l i sh  t he  shape and 
shape-matrix r e l a t i o n  f o r  a  complete morphological de f i n i t i on  of .the carbide 
p r ec ip i t a t e .  
Reference t o  m e  e lect ron micrographs of subsect ion C.i  o or the  
react ions  under considerat ion i l l u s t r a t e s  t ha t  t he  shapes of the  cemen.tite 
p r ec ip i t a t e s  on the  whole were i r r egu l a r .  Not only did  the  p r ec ip i t a t e  
formations vary i n  shape from one experiment t o  another, but individual  
p r ec ip i t a t e s  i n  a  s ing le  run could d i f f e r  g rea t ly .  A good i l l u s t r a t i o n  of 
the l a t t e r  va r ia t ion  i s  given i n  the  s e r i e s  of micrographs i n  Figures 50 
through 54. 
Many of the p r ec ip i t a t e s  were made up of more than one cementite 
c rys ta l .  The p r ec ip i t a t e  c r y s t a l  complexes had both high and low angle 
g ra in  boundaries between the  constikuent cementite c ry s t a l s .  The high 
angle gra in  boundaries between two cementite c ry s t a l s  of a  s ing le  p rec ip i -  
t a t e  o f t en  appeared t o  follow the  contour of t he  o r i g i n a l  i ron  sub-boundary 
on which t he  p r ec ip i t a t e  c ry s t a l s  formed. Figure 79 shows an example of 
t h i s  formation. I n  t he  f igure  i s  pic tured a  cementite c r y s t a l  which had 
formed between two c losely  spaced sub-boundaries. An the  outs ide  of each 
of these  sub-boundaries a second and t h i r d  c r y s t a l  of cementite had fol-med. 
growing i n  d i rec t ions  d i r e c t l y  opposite t o  each other .  Figures 56, 61, 
73, 74, 81, and 100 provide o ther  good examples of t h i s  e f f ec t .  The c r y s t a l  
complexes were more prevalent ,  and they increased i n  s i z e  with the  experl- 
ments cons t i tu t ing  higher degrees of  reaction.  The amo-unt of react ion in-  
creased wi th  increasing temperature and CO exposure time. The s i z e s  of t he  
p r ec ip i t a t e s  a r e  presented i n  'the t ab l e s  of s.ubsec.tion C.1. c. The slgni.f i.- 
cance of the  p r ec ip i t a t e  s i zes  w i l l  be taken up i n  de,tai.l  l a t e r .  The point  
t o  be made i n  t h i s  instance i s  t h a t  t he  r e l a t i v e l y  l a rge  s i z e  of the  cemen- 
t i t e  c ry s t a l s  on d i s loca t ion  sub -boundaries necess i ta ted  the  combhat ion 
of adjacent nucle i  on the same boundary t o  form a s ing le  c r y s t a l  of cement;ite. 
Nucleation can, a s  observed, r e s u l t  i n  a secorid c r y s t a l  of  cementite on the  
opposite s i de  of the  sub-boundary. 
It was not  possi'ble t o  determine whether the incorporation of more 
than one nucleus i n to  the  growth of a p r ec ip i t a t e  c r y s t a l  occur:~ed by ye- 
c r y s t a l l i z a t i o n  o r  i f  one nucleus dissolved as  another grew. However, i t  
was evident t h a t  solut ion of many nuc le i  i n  the vicinity o f  a growing pre- 
c i p i t a t e  does take place. This f a c t  was noted from decreases i n  precipi.t;ate 
population of more heavily reacted samples. 
The shape of the  cementite p r ec ip i t a t e s  and the  amount formed were 
not  independent of matrix disturbances. A few holes occurred i n  the  s ingle  
c r y s t a l  f i lms as  a r e s u l t  of subs t ra te  i r r e g u l a r i t i e s .  Figures 73 and 97 
of Reactions 9 and 15  respect ively  show the  r e s u l t s  of t h e  reac t ion  i n  the  
v i c i n i t y  of a hole.  Obviously cementite p rec ip i t a t ion  has been promoted i n  
the  area  of the  hole i n  the f i lm of Keaction 9. !The hole i n  the film of 
Reaction 15 appears to  have promoted cementite formation and subsequer,.t ce-  
mentite decomposition and graphite nucleation. I n  the  area  of the h0'i.e 
only graphite and the  subs t ra te  metal matrix remained. Figure 80 of Reac-, 
t i o n  9 shows extensive cementite formation along an .underlying cleavage 
s tep  ir, the XaC1. Apparently t h e  i ron  f i lm  was t h i n  and p a r t i a l . 1 ~  di.scon- 
tinuous alocg the  s tep  edge. 
. A t  l e a s t  two bas ic  types of p a r t i c l e  shape were common among the 
precipi takes  from a1.l t he  experiments. F i r s t  i s  t he  l e n t i c u l a r  cross-sec- 
ti.on. This shape o f ten  appeared a s  a wedge shape extension, from a c r y s t a l  
complex. Reaction 2 produced cementite p a r t i c l e s  i n  the  e a r l i e s t  s tage  of 
development observed, and p a r t i c l e s  of the l en t i cu l a r  cross-sect ional  
shape were observed i n  t he  specimens of t h i s  ruri. !The par . t ic le  marked A 
i n  Figure 47 i s  a good i l l u s t r a t i o n  f o r  Reaction 2,  a s  a r e  Figures 51, 52, 
54, 564 58, 62, 64, 65, 66, 71, 74, 77, a n d 1 0 0 f o r o t h e r r . u n s .  3 e . t h i c k -  
ness of these  p a r t i c l e s  was, of course, l imi ted  t o  the  f i lm  thickness 
(approximately 1,000 A) ,  but as  w i l l  be indicated l a t e r -  the  n r ec ip i t a t e s  
probably d id  not extend completely through ,the f i lms . 
A second cha rac t e r i s t i c  shape was also observed i n  Reaction 2 a ~ d  
i.s ill:ustprated i n  Figure 49 by the  p a r t i c i e  marked A. This shape resembles 
a d i s t o r t ed  rectangle  and s imi la r  shapes a r e  seen i n  the  r e s u l t s  of a l l  the  
o ther  react ions  being considered i n  t h i s  section.  The remaining precfpli.tates 
can be general ly  described a s  modifications and  combination.^ of t he  two 
types jus t  covered. 
The e f f ec t  of  ,temperature, pressure,  and react ion time ( a l l  para- 
meters of the  degree of react ion)  on the character  of t he  p r ec ip i t a t e s  was 
p r i nc ipa l l y  t o  change the  p r ec ip i t a t e  s i ze .  Some change of shape was con- 
s idered t o  accompany- a s i z e  increase ,  i . e . ,  the  r a t i o  of the  f i lm  plane axes 
of the  p r ec ip i t a t e s  tended toward un i t y  as  the  p a r t i c l e  s i zes  increased 
s ignif icant ly .  
is the  discussion of product n ~ c l e a t ~ i o n . ,  the  e f f ec t  of s . t ~ a i n  energy 
on the  geometrical shape of nuc le i  was presented. For the  growing inco- 
herent  p r ec ip i t a t e ,  the  p o t e n t i a l  t o  mi.nimiee s t r a i n  energy continues t o  
influence the  p a r t i c l e  shape. The shape a l so  continues t o  be i n f l u e ~ c e d  
by the mir..im.z.: . ~ n g  po t en t i a l  f o r  the  surface energy. !Thus, the ove ra l l  shape 
a t  any point  i n  the  grow.th process w i l l  represent  an accommodation between 
these  two po ten t ia l s .  This shape should approximate an o'blate spheroid 
ly ing  between the  i d e a l  shapes of a d i sc  f o r  s t r a i n  effec,l;s and a sphere 
f o r  surface e f fec t s .  Departvcres from smooth'boundaries may r e s u l t  from the  
anisot ropic  character  of t he  c ry s t a l s .  The general  morphology of the  grow- 
i.ng precLpitates suggests t he  accommodation of s t r a i n  and surface energies 
a s  pe:rturbed by c r y s t a l  ar isot ropy.  
In .  Figures 73, 74, 75, and 76 the precipit .ates a r e  observed not  t o  
have a s  high a length  t o  width r a t i o  as  t h a t  typi .ca l ly  f0un.d fol- precipi- .  
.'sates i n  experiments consti tut . ing a l e s s e r  d e g ~ e e  of reaction. These pre- 
c i p i t a t e s  tend toward a c i r cu l a r  cross-sec.tion i n  t,he p l a ~ e  of the  fo : i l  and 
exhibi t  contras t  e f f ec t s  indicat ing per ipheral  thinning and preeipikate  
"surfacing." The growth of the  p r ec ip i t a t e s  i.s apparently toward the  film 
surface where s t r a i n  energies a r e  r e ad i l y  accornmoda~ted. A s  the  p r ec ip i t a t e  
"surf aces" t he  i n t e r f a c i a l  energy o f  t,he precipi . tate i s  minimized & ] r i n g  
P x t h e r  growth by t he  development of a near c i r cu l a r  p a r t i c l e  cross-sect ion 
i n  t h e  surface of the i ron.  The polygocal shape of t h e  precipl ta . tes  p ic -  
tured i n  Figures 73 and 75 i s  ind ica t ive  of the tendency of t he  reac t ion  
i n t e r f ace  t o  con.serve s ingular  c r y s t a l  faces .  The evidence f o r  surface and 
s t r a i n  energy accommod.ation f o r  the  p r ec ip i t a t e  p a r t i c l e s  as  indicated by 
t h e i r  shapes i s  f u r t h e r  support of  the  proposit ion t h a t  cementite forms 
w:i:Lhin the  i ron  matrix and not on t he  metal surface.  
!Fhe t h i n  blades of p r ec ip i t a t e  c lose  t o  t he  i ron  surface as  shown 
i n  Figures 52, 58, and 72 plus  t he  other  dendr i t i c  type fea tu res  observed 
i n  t h i s  wo:rk.:, may plausibly  be accounted f o r  by the  Gibbs-Thomson e f f ec t .  
According t o  Ham's (150,151,152) exact treatment of t he  equations f o r  d i f -  
fus ion con.trolled growth, d i f fus ion  condit ions themselves w i l l  not produce 
shape changes i n  p r ec ip i t a t e  pa r t i c l e s .  
The Gibbs-Thomson e f f e c t  r e l a t e s  t o  the  change i n  t he  l o c a l  chemical 
poLerltia1 along a curved phase boundary. Chr i s t i an  expresses t he  e f f ec t  
a s  follows: "The e f f ec t i ve  difference i.n pressure across the  cwved in.ber- 
face  changes the  concentration of so lu te  i n  the  matrix with which the  par t i - ,  
c l e  i s  i n  equilibrium, and f o r  the  c r i t i c a l  radius  of curvature t he  p a r t i c l e  
i s  i n .  equilibrium with t he  average composition of the matrix." Below t,he 
c r i t i c a l  radi-us, grow,th of t he  p a r t i c l e  i s  not poss ible .  Zener's theory 
of d i f fus ion control led  growth (159,160) takes account of  the equilibrium 
concentration change with curvature of the  in te r face .  From h i s  work t he  
maximum growth r a t e  i s  found t o  occur when r = 2 r where r i s  t h e  radius 
C 
of curvature of the  in te r face  and r i s  the  c r i t i c a l  radius  of curvature. 
C 
Zener's theory i s  not exact ,  but none have been presented which a r e  more 
exact (140). I n  summation, i t  i s  reasonable t h a t  edges o r  projec,tions such 
a s  o c c r c e d  i n  many of the  preci .p i ta tes  may have grown a t  annornolous r a t e s  
giving r i s e  t o  p e c u l i a r i t i e s  i n  precipi . ta te  shape. 
Planar f au l t i ng  of the  cementite p r ec ip i t a t e  c ry s t a l s  was commonly 
observed. A l l  the  experiments made, exhibi t ing incoherent cementite, pro- 
duced cementite c ry s t a l s  with f a u l t s  i n  them. Figures 115 and 91 respec- 
tiveTy show a SAD pa t t e rn  and t he  corresponding e lect ron micrograph of a 
f au l t ed  ax-ea of cementite. The information indicates  the  f a u l t s  t o  be 
stacki-ng f a u l t s  ly ing  on the  (001) cementite planes.  Figures 52, 53, and 
65 show smazer  p r ec ip i t a t e  p a r t i c l e s  containing planar f a u l t s .  m e  cor- 
responding SAD pat terns  of these  c ry s t a l s  a l so  imply the  f au l t i ng  t o  l i e  on 
(001) cementite planes. Figures 48, 55, 56, 57, 58, 59, 62, 63, 66> 7r9 79, 
and 98 show p a r t i c l e s  which contain planar f au l t i ng  a s  evidenced by t he  
cha r ac t e r i s t i c  s t r i a t e d  con t ras t  although no SAD evidence was ava i l ab le  f o r  
proof. Since a number of t he  SAD pa-t terns were taken which indicated (001) 
cementite f au l t i ng ,  it was t en t a t i ve ly  assumed t h a t  t he  fau l t ing  observed 
i n  a l l  the  micrographs l a y  on (001) cementite planes. The angles which 
the  f au l t i ng  t races  i n  t he  f i lm surface made with the  p r i nc ipa l  axes of  
t he  p a r t i c l e s  a r e  in te res t ing .  Values of oO, 5O, 7O, lo0,  19O, 2T0, 80°, 
0 0 
and 90 were measured. Easi ly  the  most common val-ue was 0 . Since t h e  
f au l t ed  region of t he  p r ec ip i t a t e  p a r t i c l e s  predominately appeared i n  the  
cen t r a l  region of t he  p a r t i c l e s ,  it i s  p laus ib le  t ha t  the  p a r t i c l e s  may 
form by nucleating successive (001) planes. !The p r ec ip i t a t e s  may then 
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grow preferably  by extending these planes through the  f e r r i t e  l a t t i c e .  Ar; 
some point  i n  the  process the  three-dimensional cementite l a t t i c e  wou1.d 
begin t o  form along t he  outer  s.urfaces of t he  cen t r a l  (001) plane aggregate. e 
Faul t ing was seen t o  be l e s s  prevalent i n  the p a r t i c l e s  formed i n  
t he  higher temperature runs. The s i z e  of these  p a r t i c l e s  was l a rge r  a l so  
(due t o  the  experimental design). It i s  uncer ta in  whether t h e  reduction 
i n  f a u l t i n g  incidence was due t o  a r e c ry s t a l l i z a t i on  accompanying p rec ip i ' t a t e  
growth o r  due t o  thermal energy inh ib i t ion .  The f au l t ed  regions noted a t  
+he higher temperatures were a lso  thinner and much be t t e r  defined. 
As Jack (133,136) has suggested, the cementite may i n i t i a l l y  pre- 
c i p i t a t e  a s  (001.) cementite p l a t e l e t s  i n  the  f e r r i t e  matrix. P i t sch  (131) 
and Les l ie  (137) suggest t h a t  t he   LO] planes of i r on  a re  t he  habi t  planes 
of cementite f o r  p rec ip i ta t ion  i n  the  quench aging processes f o r  s t e e i s .  
With t h i s  knowledge an attempt was made t o  r e l a t e  the  (001) planes of the 
p r ec ip i t a t e  f a u l t s  t o  the  {UO] planes of t he  f e r r i t e  f i lm. The r e s u l t  of 
t r a c e  analysis  indicated t h a t  the  (001) planes of  cementite were r a r e ly  
p a r a l i e l  t o  {110] f e r r i t e  planes. There were a  few instances i n  which t he  
r e l a t i o n  may have held but the information required f o r  proof was not ava i l -  
able (pa r t i c l e s  marked A i n  Figures 47 and 48). I n  r e l a t i v e l y  small pre- 
c i p i t a t e s ,  measurements indicated the relat ion.  t o  be within 20° of t h a t  
sought ( ~ i g u r e s  52 and 53 show good examples). It i s  possible that  the  
(001) cementite planes do form p a r a l l e l  t o  {110] f e r r i t e  plan,es a t  l e a s t  
in some instances and then l o se  the  o r ien ta t ion  re la t ionsh ip  with growth. 
It was previously established on the  basis  of e lect ron d i f f r ac t i on  
evidence t h a t  no f ixed or ien ta t ion  re la t ionship  exis ted between the inco- 
herent p r ec ip i t a t e  p a r t i c l e s  and t he  f e r r i t e  matrix. From t h i s  evidence i t  
should be expected t ha t  no simple r egu l a r i t y  of the three-dimensional cemen- 
t i t e  p a r t i c l e  boundaries ex i s t s .  I n  other  words, no habi t  plane re la t ion-  
ship between f e r r i t e  and cementite should be expected. Figures 47, 52 ,  53, 
56, 59, 60, 63, 64, 65, 71, 79, and 98 give c lea r  p ic tures  of some of the  
i r r e g u l a r i t i e s  observed i n  the  cement i te- ferr i te  in te r faces .  This s e r i e s  
of micrographs covers t h e  range of react ion conditions used i n  t he  experi- 
mental program. It i s  of i n t e r e s t  t o  note t h a t  t he  in te r faces  generally tend 
t o  be faceted although continuous changes i n  in te r face  i .nclination t o  the  
s w f a c e  was evident ,  i . e . ,  Figures 56 and 60. Good i l lu . s t ra t ions  of i n t e r -  
.face facet ing w i l l .  be shown l a t e r  i n  the  sect ion discussing ext;ra@tion re -  
p l i c a s  of reacted f l h s .  
P i t sch  (131) and Les l i e  (137) have suggested t h a t  .the major growth 
d i rec t ion  fo'r cementite precipi . ta t ing from s t e e l s  i n  the  quench-ag.fng proce?; 
i s  the  [01.0] cementite di.rection. i n  coincidence with the  [lll] ferri.t;e di:- 
r e c t i . 0 ~ .  The p r inc ipa l  growth d i rec t ions  (co:i.ncident with precTpl.f;ate 
parf;i.cl.e extensions) f o r  t he  par t i .c les  observed i n  t h i s  work were qu i te  
varied.  However, i.n two instances (Figures 51 and 65) the  growth direetior; 
f o r  the  cementite l a t t i c e  was fsun.d t o  l5.e close t o  the  [010) cementite 
di .rect ion as determi.ned from micrograph and SAD pa t t e rn  pai:rs. The corre-  
spondicg f e r r i t e  d i rect ior ,  was not ,  however, [lll] ir;. efither case. The 
f i b  plane t r a ce  f o r  the  growth d i rec t ion  would have necessar i ly  bee? directed. 
along [ll~] f o r  the  r e l a t i o n  t o  have held, and t h i s  was not t he  case. 
Q 
The [010] d i rec t ion  may then be a preferred d i rec t ion  of cemen.tite 
growth. However, s ince  t h e  p a r t i c l e s  of cementiite o'bser2ved fn the i ron  
s ing le  c ry s t a l s  of t h i s  work were var.iously oriented, only those par.t;icles 
or iented such t h a t  t h e  [ o ~ o ]  cementite d i rec t ion  was p a r a l l e l  t o  the  plane 
of the  f i lm could be used t o  check the  phenomenon. The square-shaped pre- 
c i p i t a t e  of Figure 51  reveals  an apparent con.tr5dic.ki.on. 
T t  i s  i n t e r e s t i ng  t o  note a t  t h i s  point  t h a t  t he  [010] cementite 
d i r ec t i on  l i e s  i n  the (001) cementite plane. Thi.s plane was shown e a r l i e r  
t o  be t h e  f a u l t i n g  plane which was demonstrated t o  commonly ex'tend t b o u g h  
'the p a r t i c l e  c lose  t o  p a r a l l e l  with the  grow.th di rect ion.  Figure 65 p ic -  
t u r e s  a p a ~ t i c l e  i n  which the  f a u l t  plane l i e s  para lZel  t o  t he  majo:r growth 
axis .  The growth ax i s  i n  t h i s  instance a l so  corresponds t o  the  [010] cemeK- 
t i % e  direct5on. Thus, the growth of cementite may be pa r t i cu l a r l y  favor- 
able  along the  [ o ~ o ]  d i rec t ion  a t  the  edges of (001) plane lamellae. 
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This cons t i tu tes  only specious reasoning as  t h e ~ e  were no unequivocal ob- 
servations t o  'be made concerning the  cementite morphoiogy . 
The possi 'bi l i ty of a  d i rec t iona l  r e l a t i o n  between. the  major ax i s  or 
a  cementite par. t icle and t he  Ello] i ron  l a t t i c e  di.rection was investigated.  
0 
Angles commonly encountered approximate 0 , lzO, 1 8 O ,  2z0, 26O, 33O, and 
4 5 O .  These angles a r e  c lose  t o  the  angles between the  [120] f e r r i t e  d-irec- 
t i o n  and the  following respect ive  di rect ions  : [110], [320], [210], [ 52@] ,  
[410], an.d [100]. I n  l i g h t  of the  obvious uncertainty of establishing t.hn 
growth d i rec t ion  of t he  complex p a r t i c l e s ,  t h e  o r ien ta t ion  could be c o ~ s i -  
dered nearly random. However, micrographs pic tur ing s izab le  areas of t he  
f i lm  containing several  p rec ip i ta tes  indicate  the  d i s t r i bu t i on  :is n0.L ran- 
dom, i. e., Figures 54, 59, 64, 71, 81, and 100. The general  appearance of 
0 these  micrographs indicate  the  p rec ip i ta tes  to  grow a t  0  , 45O, and 90' t o  
one another. Closer inspection reveals t h i s  t o  be only a  tendency. I n  t he  
absence of a  general  t rend f o r  p rec ip i ta tes  t o  grow 3.n [li~] or  [ ~ G c ]  d.' ~ r e c  - 
%ions,  no ready crystal lographic explanation ex i s t s  f o r  the growth d i rec t ion  
of cementite i n  %he s ingle  c r y s t a l  i ron  films. Z t  i s ,  however, apparent 
t h a t  shapes a ~ d  i rect ions  a re  predomi.riantly controlled 'by shrain  and sur-  
face  energy accommodation. 
Several attempts were made i.n the  foregoing discussion t o  r e l a t e  the  
morphology of t he  cementite precipf ta ted i n  the  i ron s ing le  c r y s t a l  f i lms 
t o  that  of cementite p rec ip i ta ted  during quench-agin.g experiments :in iron.  
This was dor~e f o r  obvious reasons. The f a i l u r e  t o  es ta 'b l ish  r i g i d  corre la-  
t i ons  should not,  however, be alarming. Prec ip i ta t ion  i n  t he  bulk takes 
place under more uniform three-dimension.al cons t ra in t  than p ~ e c i p i . t a t i o n  
near t h e  metal surface.  Also, the  phe;-.omena .taking piace i n  the  bulk have 
not been f u l l y  explained nor explored, From the  present  di.scussion i t  i s  
obvious t h a t  the  f a e t o r s  e f fec t ing  the  morphology of cementite i n  t h e  s.w- 
face  of i r o n  s ing le  c r y s t a l  f i lms a r e  qu i t e  complex. 
5 .  Growth Mechanism of the Cementite P a r t i c i e s  
Five reac t ions  (1, 3, 4, 9, and 15)  were made usi.srg .%he same pressure 
of @O (1,000 p.$ and the  same exposure i n t e r v a l  (1 hour). These react ions  
c o c s t i t u t e  a b a s i s  f o r  comparing t,he e f f e c t  of temperature on the  reac t ion  
0 
p:roducts. The temperatures f o r  these  react ions  were 250 , 320°, 35c0, 450' 
0 
and 550 C ,  respec.t;i.vely. It has already. been es tabl ished . that  cementit-e 
precipi ' ta tes  i n  the matrix of the i ron   specimen.^ of alii  f i v e  reacti.ons con- 
sidered and i s  accompanied by graphi te  as  a r eac t ion  product i n  Reaction 15. 
From inspect ion of the micrographs, temperatwe var ia t ion  was found t o  i n -  
f luence t h e  s i z e  and population densi ty  of the  cementite p rec fp i t a tes  arAd 
t h e  ~ a 5 e  of  carbide decomposition.. As exhibited by Zl.eac.Lion 15,  $he higher 
temperatures a i d  graphike forma.tiori. 
To obta in  a quanti tat i .ve bas i s  f o r  comparing the  p r e c i p i t a t e  s i z e s ,  
t h e  projected area of each individual  p a r t i c l e  p ic tured i n  the  mierographs 
was measured. The cementite par5i.cle s i z e s  f o r  each experimen-t were sum- 
marized i n  Table 19. The data i s  presented a s  the Projected Area Size  Rarge 
and Average. 'The proJected area of a p r e c i p i t a t e  p a r t i c l e  i s  considered 
an  adequate b a s i s  f o r  comparing t h e  r e l a t i v e  si.zes of the  p r e c i p i t a t e s .  
T.he average p a r t i c l e  s i z e ,  together with the  racges of s i z e  d i s t r i -  
biztion f o r  React:i.ons 1, 3, 4,  9, an.d 1 5 ,  were p lo t t ed  versus 11'2 or, semi,- 
iogar i t 'mic  paper. The p lo t  ( ~ i g u r e  101) shows . s t r a i g h t  il.:oe cor re la  t.-fon. 
The information contained i n  Figure 101 r e l a t e s  t o  the  growth mechani.3~ of 
t h e  cementite p a r t i c l e s  and requ i res  explanation. 
The k i n e t i c s  of a  continuous p r e c i p i t a t i o n  process depends on the 
growth r a t e  of an individual  p r e c i p i t a t e  c r y s t a l  (140). This growth r a t e ,  
according t o  the theor ies  of continuo.us p r e c i p i t a t i o n ,  i s  d i f fus ion  con- 
t r o l l e d .  The process present ly  being discussed has maw f e a t u r e s  i n  common 
with a con.tinuous p r e c i p i t a t i o n  process, With the  a i d  of Figure 101 the  
r e l a t i o n  betweer the two processes can be t e s t e d  f u r t h e r .  
F i r s t ,  it was assumed t h a t  t h e  formation of the  cementi.te p a r t i c l e s  
cons t i tu ted  a continuous precipi , ta t ion  process. Under t h i s  ass7wption it 
i s  reasonable t h a t  a  p a r t i c l e  grows by two-dimensional d i f fus ion  s ince  the  
f i l m  plane dimensions dwarf t h e  p a r t i c l e  thickness.  Ham's exact  t reatment 
of t h e  d i f fus ion  problem f o r  p a r t i c l e  g-rowth shows t h a t  the  volume of i r r e -  
gular  p a r t i c l e s  (approximate t o  ob la te  spheroids) va r ies  as t3l2, j u s t  a s  
f o r  spheres. He a l so  shows t h a t  p l a t e s  which remain highly eccen t r i c  dilr. 
I 
ing  d i f fus ion  growth increase  i n  volume a s  t . I n  analogy with h i s  r e s u l t s ,  
i t  i s  expected t h a t  p l a t e s  although irregular w i l l  grow as discs. '?his 
assumption permits t h e  following ana lys i s .  
I ' L  has been wel l  e s tab l i shed  t h a t  t h e  l i n e a r  dimension GL a pa r t i . c l e  
1/2 growing by a d i f fus ion  control led  process increases a s  ( ~ t )  If the  
area  A i s  represented by 
and the  l in.ear  dimension r by 
i t  i s  r e a d l . 1 ~  fo-und t h a t  f o r  constant, ternpera.t 'u~e 
where I' i s  t h e  d i f f u s i o n  c o e f f i c i e n t  a ~ d  a  i s  a  consfant  of p ropor5 lona l i t y0  
The a rea  4 and roughly the  volume ( f o r  an e s s e n . t i a l l y  con.stact p l a t e  %hick-  
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ness)  v a r i e s  a s  t . The r e s u l t s  of  React ions 1 and 2 a s  s5own pre\io.usly 
do i n d i c a t e  t h e  p a r t i c l e s  t o  grow i.n approxi.mat;ely a  Linear f"ashior.. 
'The growth r a t e  k incorpora tes  t he  temperature dependent d i%fus ion  
coeff icier~.L .to t h e  power one. The d i f f u s i o n  coef f ic iec t ;  can 'be expressed a s  
Therefore,  i f  l e g i t i m a t e  values of k f o r  d i f f e r e n t  temperat;~res can 
be ca l cu la%ed ,  a  value f o r  t h e  act, ivation. er_ergy of t h e  growth process  car- 
be determined. This value sho-uld correspon.d t o  t he  ac,Livation energy f o r  
d i f fus : ion  of ca:rbon i n  i ron .  
For  a n  indTividua1 experiment,  t he  average p a r t i c l e  s i z e  divided by' 
1 hour r e p ~ e s e ~ t s  h e  ins tan taneous  g ~ o w t h  r a t e ,  k, a t  some intermedia.Le 
t ime under c e r t a i n  r e s t r i c t i v e  condi t ions .  
,The ins tan taneous  growth r a t e s  c a l c u l a t e d  a t  d i f f e r e n t  temperatures  
a f t e r  1 hour of  r e a c t i o n  w i . 2 1  correspond t o  $he same intermediat.e t ime i.f 
t h e  func t ions  governing grow'th f o r  t he  d i f f e r en ' t  t empera t . ues  bel.ong t o  t h e  
same fami ly .  It i s  reasonable  t o  assume t h a t  t h i s  i s  t r u e .  Therefcre ,  a  
plo'c of i n  k versus 1 / T  should permit t he  c a l c u l a t i o n  of  t h e  a c t i v a t t o n  
energy from t h e  s lope  of t h e  s t ralfght  l i .ne .  F igure  101 i s  such a  p l o t .  
The r e s t r i . c t i . ve  condi t ions  referyred t o  above r e l a t e  t;o t h e  sing1iLar.i.t.y 
of t h e  d l f rds ion  process t o  govern t h e  r a t e  a t  which the  p r e c i ~ i t a t e s  grow. 
S p e c i f i c a l l y ,  a l l  p r e c i p i t a t e  nuc le i  must e x i s t  from t h e  o u t s e t  of p r e c i p i -  
t a t i o n .  This i s  a  reasonable assumption f o r  t h e  process inves t iga ted .  The 
mean d i f fus ion  distan.ce between prec i .p i ta te  p a r t i c l e s  must remair: cons-tant 
from one experiment t o  another .  This conditPon i s  a l s o  s a t i s f i e d  s ince  car-, 
bon i s  contir_uously being added t o  t h e  f i lm.  The r a t e  of carbon addi t ion  i s  
s u f f i c i e n t  t o  maintain supersa tura t ion  between the  prec:i.pi.tates o r  e l s e  CO 
decomposition would be r a t e  con t ro l l ing .  From evidence t o  be present;ed i n  
bhe next sub-sect ion,  CO decomposition as  the  r a t e  cont;:rolli.ng s t ep  does ~ . o t  
appear t.o be poss ib le  f o r  the  present  inves t iga t ion .  1.5 should a l s o  be 
pointed out  t h a t  d i f fus ion  w i l l  continue t o  occur a f t e r  pumping the  system 
of" C O O  However, t h e  am0un.t of p r e c i p i t a t e  growth occurring during the  time 
requi red  t o  d ra in  the  f i l m  t o  the  equil ibrium carbon content should be smali 
r e l a t i v e  to t h a t  during reac t ion .  The e f f e c t  on the  k values from one tem- 
pe ra tu re  t o  another should then be small and would not  e f f e c t  . t he i r  r e l a t i v e  
values s i g n i f i c a n t l y  i n  view of the  o t h e r  e r r o r s  inherent  i n  the ana lys i s .  
From the  s lope  of  t h e  s t r a i g h t  lilze i n  Figure 101 ar, ac t iva t ior i  
ecergy of  Q = 21.4 kcal/mole was ca lcula ted .  This value corresponds we l l  
t o  t h e  20.1 kcal/mole determined by Wert (161,162) f o r  the  activation energy 
f o r  vo lme  d i f f u s i o n  of carbon i n  i ron .  Therefore, it i s  q u i t e  p laus ib le  
t h a t  t h e  d i f f u s i o n  of carbon i n  i ron  cont ro ls  the  growth of the  cemeritite 
p a r t i c l e s ,  and the  process during t h e  e a r l y  s t ages  of CO a t t a c k  o f  i r o n  i s  
simply a  continuous p r e c i p i t a t i o n  process.  
Table 19 a l s o  summarizes the  p r e c i p i t a t e  popula+,ion d e n s i t i e s  f o r  
Reactions 1, 3, 4, 9, and 15. F i g m e  102 i l l u s t r a t e s  a  piof,  of the  popula- 
t i o n  d e n s i t i e s  versus temperature on semi-logari.thmic paper. ?he t r end  i Q 
toward a decreasing number of p rec ip i ta tes  with increasing temperature. 
This i l l u s t r a t e s  the  var ia t ion  i n  the  s i ze  of the  diffusion f i e l d  f o r  pre- 
c i p i t a t e s  a s  a function of temperature. 
The evidence of the change i n  di f fus ion f Eeld s i ze  shown i n  Figure 
102 shoald not be in terpreted a s  showing hard impingement of the  di f fus ion 
f i e l d s  of adjacent p rec ip i ta tes .  Rather, only small mutual perturbations 
probably ex i s t .  The observed e f f ec t  should i l l u s t r a t e  the  s e n s i t i v i t y  of 
volume nucleation t o  the degree of supersaturation.  A very smal; amount of 
p rec ip i ta t ion  w i l l  chafige t he  mean concentration of so lu te  i n  the  matrix 
su f f i c i en t l y  to  decrease t he  volume nucleation r a t e  by one or. more orders 
of magnitude (140). Therefore, i t  i s  reasonable t h a t  volume nucleatior, 0.- 
the  p r ec ip i t a t e  density can r e f l e c t  $he change i n  diff'usion f i e l d  s i z e  with- 
out  a s ign i f ican t  charge occurring i n  the  growth character  of the  prec;pi- 
t a t e s ,  
6. Effect  of Pressme on t he  CO Attack of the Films 
The daea on p r ec ip i t a t e  s i z e  and population densihy f o r  react ions  
ca r r ied  out under d i f f e r en t  pressures a t  cocstant  temperature ( 3 5 0 ~ ~ )  and 
time (1 hour) a r e  given i n  Table 20. The data i l d i c a t e  t h a t  the  precipi5a- 
t i o n  reac t ion  i s  depend.ent on the press-me of CO. 
The values of p r e ~ i p i t ~ a t e  s i ze  and popda t ion  densi ty  f o r  Reactfor,s 
4 and 5 (ca r r ied  out  a t  1,000 p and 500 p, respect iveiy)  a r e  qu i te  siml,ar. 
The implication i s  t ha t  the degree of carbon supersat -nat ion ie the  i r o c  
(causing cementite p rec ip i ta t ion)  i s  c lose  t o  t h e  same value i n  both experi- 
ments. Also, the tdme t o  reach t h i s  degree of supersaturation must have been 
essen.tia1l.y the same. Only under these  conditions would the p rec ip i fa te  
dens i t i es  have been equal. The prec ip i ta te  pa r t i c l e s  must have formed a t  
essen t i a l ly  the  same time a-qd m ~ s t  have grown a t  r,.early the  same ~ a f . e .  
Nas no con.tin'uous d i s t r i b ~ t ~ i o r i  of p r e ~ l p l t a t ~ e  par.Lic.Le s i z e  from c.zar 
zero .5o 5he max'l.mum o'bserved i.:, e i t h e r  case. The c lose  grouping of pre-  
c i p i t a t e  si.ze was c h a r a c t e r ~ s t i c  of a11 the  expertmerits except the  exkended 
??action, ru1Ij.. It has a l ready been shown t h a t  pl-e@ipi'saS.:lor, from a s , ~ p e r . -  
, . 
eat,.a-a Led solut ion can Peasonazig begirr. almosk i n s t a n t l y  o r  dEslocat:ior_s 
ac.d t h a t  a l l  t h e  a c t i v e  ~ u c l e a t i o n  s i t e s  w i i i  be ope-.a.tl.r:g from .?,he o.l~+:~set. 
of the  process. Therefore, l i t ;$le ., if arq , addi.'t,ional nuclea-ti.on wo.~id 'ce 
expec-ted w.it;h time. For Reactiorls 4 and 5 I t may be assljlr,ed t,hat. t.he max:l- 
m-im s~persa t -xa6 , ion  a t t a ined  was reached e a r l y  i.r!. the  process ar,d that; , h e  
average si.ze of t h e  p r e c i p i t a t e s  a t  the end of t,he exper:Emer?% fs repr.esertl:a.-. 
.hive of t h e i r  grow%h r a t e .  S b i l a r  ass-ump!,iorrs can be made f o r  aLI t h e  
o tbe r  reacf:i.ons ca r r i ed  out  a t  1,000 p, of CC. 
Y~TF da ta  f o r  Reactioc. 6 ca r r i ed  out a t  10C 1 of CO i.s very simllar. 
t o  tha.b of B.eactions 4 and 5. The values of p r e ~ i p i t a t ~ e  s i z e  and pop-i;tlatio:f. 
0 d e r s i t y  f o r  .Reac.tion 7 ( t h e  350 C, 5 p,, l-ho.ur rap) dff f e r  g_r?atly. from 
'those o'bf,ai.ned from the runs made a t  50s p, ar,d 1,000 p. Tk-E: implf .ca. t ; ion 
i s  t h a t  a.t 5 of CO the  r a t e  of decomposiL:ion of CIO sxpplying carbon 50 
'the l a t t i c e  'becomes insuff  icierl t  t o  supe-saturat? 5he f i l m  w i 'Lh i . n  an ho.11:~ 
t-o a l e v e l  comparable t o  t h a t  achieved i.n Reactions 4 and 5. 
The f a c t  Lhat the  precipi5at ion of carbide i s  dependerlt on CO pressure 
'below LO0 p, and t h a t  i t  .i.s insens i t ive  Go CO p r e s s w e  i n  t,he 500 t,o I,OOC p 
ra.zge, ind ica te  the  existence of a maximum degree of car'bon super.saturatior_ 
i n  ir.03 and the  independence of the  carbid.e f"o:rmat"lon r a t e  on CC p~ess-,:rs 
grea.!.e? t.han 500 p,. 
A.'Lso, si.flce the re  was r o  'build-up of detectab;Le carbor~ on '!,he s o f a c e  
of  .?,he i ron :in the  e a r l y  s tages  of Lhe reactions studied,  the  overal.1 rat.? 
of  dec~mpos-", .~ioz of CO must be con t roLed  'by' the processes i n  the  mat,?ix. 
I2 other  words, CO decomposes on2y a t  a r a t e  s u f f i c i e n t  t o  maintain the  
s~pe: rsa t ; . r s t i .on  of the  Lat.tice d,urlng the  carbide p rec ip i t a t ioc . ,  
7, Extended Film Trea,bment3e 
The r e s u l t s  of Reackions 10, 11, 13, 14,  and 15 w i i l  be .treai:ed i n  
t h i s  sect.fon. Reaction 10 was c a r r i e d  out  under .the same condit lcns of C0 
0 
exposure a s  Reactior!, 9 (4.50 C ,  i,OGG p of Cc'; I hour of exposwe) ,  but t h e  
reac.t;iol; por t ion  of .the experiment was followed irnmediat e l y  by an. 8 - h 0 . 1 ~  
vacuum an.nealing process a t  t h e  same temperature as  t h e  reactior- .  Reaction 
11. made use of .the same Lemperature and press-are conditions a s  Reactions 9 
and 10 but t.he &;ra,tior, of the  exposure was extended t o  6 hours. neaetlons 
13 and 14 were con.tro: .ruris simulat.ing reacti.ons i n  t h e  absen.ce of CO. Reac- 
0 
ti.on. 15 was an experiment ca r r i ed  out a t  t h e  h:ighest tempe:rat.we (550 C )  
employed i n  the  experimen,Lal program. 
Reaction LO was cond-ucted t o  determine whether cementite could be 
decomposed by annealing it a t  a .temperatwe a s  low as 450'~. Specif: icail j l . ,  
c cementite p a r t i c l e s  of t h e  s i z e  formed a f t e r  I hour of reactPon a.t 450 C %n 
1,000 p of CO were of i n t e r e s t .  The S.A3 pa t t e rns  from the specimens of 
th5.s reac,tior,  were presented i n  Figccres 111 and 112 (Section C.2)  and the 
e?,ectron micrographs in. Figures 82 t h r o ~ h  8'7. 1.t is evidert, from .these 
, that  %he cementite was no 1ou;ger presenf, a f t e r  t h e  8-hour ancea1in.g t r e a t -  
ment. Figures 82, 83, and 84 show d i s t i n c , t l y  where t h e  cementite par.Licles 
existed before decomposition. A b r igh t  o u t l i n e  encompasses Lhe .area of 
f e r r i t e  matirix which was formerly covered by t h e  cement!ite pax'.t;icle. The 
ayeas ou t l f . :~ed  'together with the5.r 'brl.ght borders w i l l  henceforth be re fe r red  
t o  a s  "Ghost Crys ta ls ."  The a reas  of the  ghost c r y s t a l s  were compara'ble 
.t;o the  prec ip i t ,a te  projec ted  area  s i z e s  of the  corresponding rm, Reaction 
9 ,  a s  i l l u s t r a t e d  i n  :able 21. SAD pa t t e rns  from t h e  i n t e r i o r  regions of 
ghost c r y s t a l s  exhi-bited only t h e  r e f l e c t i o n s  characteris .kic of (004.) i ron  
s i n g l e  c r y s t a l  f i lms ,  i.?., Figure  111. The whereabouts of the  car'bon and 
+;he i.ron re leased upon the  decomposi.t;ion of the  carbide was not ev:i.dent i n  
t h e  SA2 o r  micrograph of t h e  area  p ic tured  i n  Figure  82. The black specks 
i n  the  upper end of the  ghost c r y s t a l  of Figure 83 were graphi te .  Also, 
con t ras t  e f f e c t s  were visf~b:le i.n the  a reas  marked A ir: F: fgnes  83 and 84 
which were i n d i c a t i v e  o f  i n t e r f a c t a l  f e a t u r e s  between the  f e r r i t e  matrix 
and an e s s e n t i a l l y  t ransparent  f i l m  overgrowth. !This fi;m was considered t o  
cons i s t  of g raph i t e  lamellae. Extrac t ion  r e p l i c a s  sdbs tan t i a t e  t h i s  i n t e r -  
p r e t &  cs l one  ' 
The growth i n  the  upper r i g h t  of Figure  84 i s  d t f f i c u l t  t o  expla in .  
It appears a s  a dark region o r  i r r e g u l a r  "Plate" i n  the  f i l m  on which r e s t s  
a  prot~is:io:~-! o r  "Bu%ton" of mate rial. SAD ind.icaf;ed 11.0 Lhing bu t  the  t ron  
matr8ix t o  e x i s t  i n  the  i n t e r i o r  por t ions  of the  p l a t e - l i k e  formatiion remote 
from t h e  but,f;on. However, g raph i t e  was observed a t  t h e  periphery of  t h e  
prot rus ion.  The c e c t r a l  por t ion  of t h e  but ton  showed no d i f f r a c t i o n ,  ev i -  
dent ly  a s  a  r e s -u l t  of high d i f f u s e  s c a t t e r i n g  and absorption of e l ec t rons .  
The but ton ,  t>herefore,  was considered t o  be a th ick ,  dense carbon growth 
and not a  car'bide o r  f e r r i t e  c r y s t a l .  P o s i t i v e  identif ica, t ; ion was n0.t 
possi 'ble. Figures 85 and 86 a r e  o t h e r  i l l u s t r a t i o n s  of these  f e a t u r e s .  The 
d l . f f r ac t ion  e f f e c t s  were s imi la r  t o  those previously observed except . that 
g raph i t e  was found a t  the  peripheri .es  of t h e  pla. tes .  This g raph i t e  was of a  
p a r t i a l l y  o r i e n t e d  nat-we.  
The corresponding SAD p a t t e r n  from the  a rea  p ic tu red  i n  Figure 86 
was given i n  Figure 112. The a rc ing  of  t h e  i n t e r i o r  r i n g  ind ica tes  a  pre-  
ference  f o r  the  g raph i t e  b a s a l  planes t o  l i e  p a r a l l e l  t o  t h e  [ 0 0 1 ] ~  zone 
a x i s  and a t  angles between a  ( 0 2 0 ) ~  and ( l i 0 )  plane p a i r .  Se lec t ing  a  por- 
CY 
t i o n  of the  arced r e f l e c t i o n  r i n g  ( b a s a l  r e f l e c t i o n s  of g raph i t e )  f o r  dark 
f i e l d  imaging, t h e  micrograph of Figure 87 was obtained. This micrograph 
shows t h a t  t h e  s t r i a t e d  regions  a t  the  periphery of t h e  p l a t e - l i k e  formation 
i n  Figure 86 contains a  g rea t  dea l  of the  o r i en ted  graphi te .  The appearance 
ind ica tes  t h a t  the basal  planes of t h e  g raph i t e  l i e  i n  lamellae perpendicu- 
l a r  t o  the  f i l m  plane giving surface  t r a c e s  tending toward [110] and [loo] 
CY CY 
d i r e c t i o n s .  It i s  a l s o  c l e a r  t h a t  t h e  p l a t e - l i k e  region cannot contain 
more than a small  amount of graphi te  with b a s a l  planes inc l ined  t o  the  sur- 
face .  The graphi te  a t  the  periphery of the  button i n  Figure 85 was found 
t o  be of  t h e  o r i en ted  form. A l l  g raph i t e  found i n  the  corresponding posi-  
t i o n s  i n  o t h e r  ins tances  was o f  t h e  same type. 
The o r i g i n  of the  p l a t e  and but ton  formation combinations i s  uncer- 
t a i n .  The a reas  covered by t h e  p l a t e s  were s i g n i f i c a n t l y  smaller on the  
average than t h e  a reas  of t h e  ghost c r y s t a l s , a s  shown i n  Table 13. It i s ,  
t he re fo re ,  un l ike ly  t h a t  t h e  p l a t e s  coincide with decomposed cementite 
c r y s t a l s .  I n  some ins tances  t h e  p l a t e  type formations were, however, seen 
t o  i n t e r s e c t  a  ghost  c r y s t a l ,  and Figure  83 seems t o  show t h i s  occurrence 
al though not a  good example due t o  t h e  absence of  the  but ton  f e a t u r e .  Ir- 
most cases t h e  p la te-but ton  combinations were remote from ghost c r y s t a l s ,  
a s  i l l u s t r a t e d  i n  Figure  84. This micrograph suggests t h a t  the  carbide d i s -  
solved and t h e  carbon d i f fused  too and formed g raph i t e  a t  t h e  p la te-but ton  
s i t e .  
Ei the r  of t h e  explanations,  cementite decomposition o r  cementite 
so lu t ion  and subsequent p r e c i p i t a t i o n  of g raph i t e ,  a r e  cons i s t en t  wi th  t'he 
t h e o r i e s  of continuous p r e c i p i t a t i o n .  
The purpose of Reaction 11 was t o  determine i f  secondary products 
form under extended reac t ion  condit ions.  Graphite and cementite were iden- 
t i f i e d  and Figure  88 displays  t h e  r e l a t i v e  q u a n t i t i e s  of each. The l a r g e  
p a r t i c l e s  were cementite and the  small ,  randomly spaced nodules were gra-  
p h i t e .  Cementite was i n  much g r e a t e r  abundance than t h e  g raph i t e .  The 
g raph i t e  nodules while genera l ly  pos i t ioned on the  i ron  film surface  were 
o f t e n  found on t h e  cementite surface .  
The appearance of the  i s o l a t e d  nodules i s  i l l u s t r a t e d  i n  Figures 89 
and 90. These a r e  s imi la r  t o  the  p la te-but ton  formations observed i n  
Reaction 10. The se lec ted  area  d i f f r a c t i o n  c h a r a c t e r i s t i c s  were s i m i l a r  
i n  t h a t  t h e  p l a t e  i n t e r i o r s  showed only i ron  s ing le  c r y s t a l  r e f l e c t i o n s  
while t h e  p l a t e  and but ton  per ipher ies  o f t e n  showed o r i en ted  graphi te  t o  
b e  present ,  i . e . ,  Figure 89. The s i z e s  of the  formations were a l s o  compar- 
able .  Since r e a c t i o n  was being conducted during the e n t i r e  6 hours of  
Reaction 11 and s ince  t h e  p la te-but ton  type formations were apparent ly  t h e  
same f o r  t h e  two runs,  the  growth mechanisms were probably the  same and 
independent of the  surface  reac t ion .  The formation of the  g raph i t e  p l a t e -  
but ton  s t r u c t u r e s  i s  considered t o  r e s u l t  from nuclea t ion  and growth by 
d i f fus ion  of  carbon through the  f e r r i t e  l a t t i c e  t o  a c t i v e  s i t e s .  F igure  89 
shows graphi te  formation a t  a  surface  s t ep  which r e s u l t e d  from the  exis tence  
of  a  cleavage s t ep  i n  the  NaCl subs t ra t e .  Figure 90 i nd ica tes  sub-boundaries 
t o  be a c t i v e  i n  the  nuclea t ion  of g raph i t e  s ince  one of t h e  p l a t e  boundaries 
coincides with a sub-boundary i n  t h e  f e r r i t e .  It i s  suspected t h a t  the  
ac t i ve  s i t e s  i n  t he  f e r r i t e  generate nucle i  of graphi te  of or iented char- 
ac,ter.  The remaining graphi te  forms layers  which a r e  evident i n  Figure 90. 
~ p p a r e n t l y  the  l ayers  a r e  a-utonucleated from the  f i r s t  formed graphi te .  
Another mechanism of graphi te  formation i s  suggested from the  re- 
s u l t s  of  Reaction 11. Figure 113 i l l u s t r a t e s  a  SAD pa t te rn  taken within 
t he  confines of a  l a rge  cementite p a r t i c l e .  The r ings  denote graphi te  of 
spec i a l  o r ien ta t ion .  The graphi te  was present on the  surface o f  the  cemep.- 
t i t e  having the ba sa l  planes or iented p a r a l l e l  t o  the  f i lm  plane. This ob- 
se rva t ion  i s  based on the  absence of the  (002) graphi te  ref lec t ion. .  The 
continiilous r ings  show the  graphi te  t o  be po lycrys ta l l ine  with the  individuai  
graphi te  c r y s t a l l i t e s  or iented randomly around the  basa l  plane normal. This 
suggests t ha t  t he  cementite may decompose t o  give graphi te  lamellae p a r a l l e l  
t o  t he  o r i g i n a l  cementite surface.  
It i s  important t o  note t ha t  the cementite formed i n  these  react ions  
had an unusually good c ry s t a l l i ne  i n t eg r i t y .  The p a r t i c l e s  would be i dea l  
f o r  a  bas ic  study of cementite. Figure 9 l  shows an area of a  cementite 
grain.  i n  which an excel lent  representa t ion of  f a u l t i n g  was found. This 
observation was not  uncommon. The SAD pa t t e rn  given i n  F igme  115 ind ica tes  
the  f au l t i ng  t o  be a  stacking f a u l t  type which occurred on t he  (001) cemen- 
t i t e  p lan t s .  
I n  the  l i g h t  of any considerat ion of cementite decomposition, it i s  
per t inen t  t o  reconsider t he  r e s u l t s  of Reaction 15. Figures 97 and 99 give 
0 
evidence of cementite decomposition a f t e r  only 1 hour of reac t ion  a t  4-50 C 
i n  1,000 p, of CO. Figure 97 shows the  decomposition of cementite p l a t e l e t s  
i n  the  v i c i n i t y  of a  hole leaving a  residue of graphite.  Figure 99 i l l u s -  
t r a t e s  t he  p a r t i a l  decomposition of a  cementite p a r t i c l e  as  evidenced by .the 
partLy r e a l ,  p a r t l y  ghost c r y s t a l  por t ions  of t h e  p a r t i c l e .  F i g w e  100 
shows t h e  exis tence  of  a  p la te-but ton  formation as  well. a s  cementite pa r - t i -  
c l e s .  ,The o v e r a l l  r e s u l t s  suggest t h a t  t h e  s t a t e  of  g raph i t e  formation i n  
Reaction 15 i s  approximately t h e  same a s  t h a t  displayed by Reaction 11. 
From the  t h r e e  runs considered i n  t h i s  sec t ion ,  a  time-temperature 
dependency appears t o  e x i s t  f o r  the  nuclea t ion  of the  equil ibrium graphi te  
phase. I n  nuclea t ion  and growth processes a  p l o t  of  the  5ime t f o r  some 
X 
d e f i n i t e  f r a c t i o n  of t h e  transformation t o  occur versus temperature shows 
t h a t  the  p r e c i p i t a t i o n  r a t e  f i r s t  increases  and then decreases again with 
f a l l i n g  temperature. This r e s u l t s  i n  t h e  C-curve c h a r a c t e r i s t i c  of nuclea- 
t i o n  and growth processes (140). A t  s u f f i c i e n t l y  low temperatures, the  
r e l a t i o n  between ln t and l / ~  approximates t o  a s t r a i g h t  l i n e .  The s t r a i g h t  
X 
l i n e  slope ind ica tes  a  temperature independent a c t i v a t i o n  energy i s  r a t e  
con t ro l l ing ,  and "it i s  n a t u r a l  t o  i d e n t i f y  t h i s  with t h e  energy f o r  d i f f c -  
sion. " (140) 
Severa l  inves t iga to r s  have observed an incubation period associa. ted 
wi th  t h e  CO decomposition on i r o n  (35,47). The most recent and thorough 
t reatment of incubations was made by Westerman (35). I n  h i s  work k i n e t i c  
s tud ies  were made using a  thermobalance t o  measure continuous weight ga in  
of  i r o n  wire a s  a  funct ion  of time. The p u r i t y  of t h e  i r o n  wire used i n  
h i s  inves t iga t ions  was the  same a s  t h a t  of t h e  i r o n  used f o r  t h e  present  
work. The p e r t i n e n t  temperature range of t h e  incubation s tud ies  r an  from 
475 t o  7 0 0 ~ ~ .  It i s  reasonable because of t h e  l i m i t  of accuracy of t h e  
thermobalance t h a t  t h e  incubation periods he repor ted  d i d  not  r e f e r  t o  .the 
exact  point  of product nucleat ion but t o  some other  point  i n  t h e  development 
of  r eac t ion  products.  Westerman found t h a t  a  p l o t  of  t h e  incubation time 
versus 1 / ~  r e su l t ed  i n  a s t r a i g h t  l i n e .  He a l s o  found the r a t e  of product 
formation t o  decrease with decreasing temperature i n  analogy .to the C-curve. 
This would place h i s  study i n  the  low temperature s t r a i gh t  l i n e  port ion of 
t h e  C-curve i f  it i s  assumed t h a t  a nucleation and growth process was tak- 
ing place. On tihe bas i s  of th i . s  assump.tion, he has postulated t h a t  the  
creati.on, of cr i t ; ica l  nucle i  of cementite i s  t he  process giving r l . se  t.o the  
incubation period.  The ofily products reported i.n h i s  work were cementite 
and graphite.  Graphite was ,the major contributor t o  the  weight gain dur- 
ing the course of an experiment;. The incubation periods Westerman reported 
f o r  ~eac .Lion l.n one atmosphere of C O  a t  475' and 550'~ were approximately 
7. "jnd 2.5 hours, respec.t;ively. 
I n  vi.ew of the  present work in. which considerable cemer.Lite was 
formed a t  a temperature as  low a s  350 '~  a f t e r  1 hour of react ion i n  1,000 p 
of CO,  it i s  suggested t h a t  Westerman's i n t e rp r e t a t i on  of .Lhe incubation 
data was erroneous i n  attri'buti..r,g the  phenomena t o  the  creat#ion of 
cementite n u c l e i  . Rather, it i s  suggested t h a t  t he  ntlc1eatio::- and growth 
process f o r  graphi te  was responsible f o r  the incubation periods observed. 
The presect  work proves t h a t  cementite p rec ip i t a t ion  takes  place ea r ly  i n  
?;he CO a t t a c k  of i ron  and precedes the  nucleation and growth of graphi.t.e. 
The time required t o  nucleate and g r o w  graphi te  t o  the  p r o p ~ r t ~ i o n s  o'b- 
served i n  Reaction 11 was 6 hours. Approximately t he  same s t a t e  of 
0 graphi te  p rec ip i t a t ion  was observed a f t e r  1. hour a t  550 C on Reaction 15. 
times correspond reasonably wel l  t o  those observed by Westerman 
f o r  incubat;i.on periods i n t h e  same approx:imate temperature r a n  g e . 
The times okserved f o r  t h i s  work would, of coinrse, be l e s s  than those 
observed by Westerman because t h e  e lec t ron microscope i s  much more sensi-.  
. t ive  f o r  t h e  e a r l y  de tec t ion  of a  new phase. 
Assuming tihat t h e  phenomena being observed were t h e  same, t h e  ac.tf - 
vation energies calcuilated from both s e t s  of data were compared. Since 
+;he temperatures inves t igated  i n  both Reactions 11 and 15 correspond t o  
the  lower t;emperature region inaest i .gated by Westerman, i t  was reasonable 
t o  assume t h a t  t h e  s t r a i g h t  l i n e  approximation applied t o  the  data  of t h i s  
work. From a ca lcu la t ion  of t h e  slope between t h e  two points ,  [6 hours, 
1/(450° + 273O)l and [l hour, 1./(550° + 273')3, using t h e  r e l a t i o n ,  i n  t = 
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Q/RT + I n  A ,  a  value of Q = 22.2 kcai/mole was obtained. The value calc-u- 
l a t e d  by Westerman was 19.0 kcal/mole and i s  comparable t o  tha t  ca lcula ted  
above. These values a r e  a l s o  c lose  t o  the  a c t i v a t i o n  energy f o r  t h e  dif:fu- 
s ion of carbon i n  f e r r i t e ,  20.1 kcal/mole. I n  f a c t ,  t h e  k i n e t i c  data  of 
Weste:r.man a t  t h e  time of incubation plus 3 hours gave an o v e r a l l  a c t i v a t i o n  
energy of 18.5 kcal/mole f o r  the  .temperature range 500 t o  57G0c which i s  
a l s o  c lose  t o  t h e  a c t i v a t i o n  energy f o r  diffusion of carbon. It seems rea- 
sona'ble then t h a t  t h e  d i f fus ion  of car'bon i n  i ron  may be t h e  r a t e  con t ro l l -  
ing  s tep  f o r  t h e  formation of a l l  the  s o l i d  phase products. I n  addi t ion ,  
CG decomposition may be completely control2ed by s o l i d - s t a t e  phenomena a t  
s u f f i c i e n t l y  high pressures.  
R.eactions 13 and 14 of t h i s  work were conducted t o  insure  t h a t  the  
pre'vious r e s u l t s  were due s o l e l y  t o  reac t ion  wikh CO and not t o  anomalous 
system cont.amlnat:ion. Reaction 13 was a blank run (no CO) simulat ing a I-hour 
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r e a c t i o c  a t  450 C. Fig-me 96 i s  a t y p i c a l  e l ec t ron  micrograph of t h e  i ron  
si:-.gle cr ;ys ta l  specimen t r e a t e d .  The specimen was clean of any of t h e  fea-  
t u r e s  charac , ter is t iL of a reacted  f i l m .  Reaction 1 4    as a l s o  a blank m n  
and was conducted a t  450 '~  f o r  6 hours and 55 minutes. This run was partL- 
cu la r ly  important not only because of t h e  length  of t h e  treatment but a l s o  
because i.t followed the  l a s t  experimental r eac t ion  conducted. Examination 
of t h e  f i l m  of Reaction 14 showed i t  t o  be clean. Therefore, a l l  the ex- 
oeriments repor ted  a r e  considered t o  be f r e e  from any a r t i f a c t s  due t o  
system contamination. 
3.  Replicas of Reacted Films 
Surface r e p l i c a s  were made of the s ing le  c r y s t a l  f i lms t r e a t e d  i n  
Reactions 9 and 10. The purpose of t h i s  study was t o  increase  knowledge of 
the  physical  nature of the  cementite p a r t i c l e s  and t o  b e t t e r  e s t a b l i s h  the  
loca t ion  of the graphi te  formed a s  a r e s u l t  of the  cementite decomposition. 
I n  t h e  micrographs of these  r e p l i c a s  the  character  of t h e  i ron  surface was 
very we l l  i l l ~ s t r a t e d , a s  shown previously i n  Figure 33. 
Figures 119 and 120 a r e  micrographs of t h e  r e p l i c a  made of t h e  speci-  
men reac ted  f o r  1 hour i n  1,000 p, of CO a t  4 5 0 ' ~  ( ~ e a c t i o n  9) .  The micro,- 
graphs revea l  a v a r i e t y  of cementite surface textures and fea tu res .  Ic 
some ins tances  t h e  cementite surfaces appear genera l ly  smooth except f o r  
r'requeiit small. holes,  i . e . ,  Figure 119. These holes were evidenced by white 
specks i n  the  transmission e lec t ron  micrographs of t h e  cementite p a r t i c l e s ,  
i . e . ,  Figures 75 through 77. The holes appear t o  be a more t y p i c a l  f e a t u ~ e  
of t h e  runs made a t  450'~ and above, and i t  i s  suspected t h a t  the holes ape 
r e l a t e d  t o  graphi te  nucleat ion during Fe C decomposition. 
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I n  Figure 139 some of the  p r e c i p i t a t e s  have the  appearance of double 
edge blades.  The p a r t i c l e s  did not appear t o  protrude from t h e  s-urface 'but 
gave the  impression of being embedded i n  the  matrix. Cementite g ra in  bows- 
Figure 119 - Replica of  Cementite P r ec ip i t a t e  P a r t i c l e  
Figure 120. Replica of Cementite Prec ip i t a t e  P a r t i c l e s  
i i ~ f e j  -h a p r ec ip i t a t e  p a r t i c l e  were general ly  grooved,as i l l u s t r a t e d  i n  
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The r ep l i c a s  of React ' i~~! ,  10 i l l u s t r a t e  ,:he feakilres of the  decom- 
pcs- ,d cementite pa r t i c l e s .  The pa r t i c l e s  f o r  t h i s  experiment were fomcd  
af t .er  1 how of react ion i n  1 , O O G  p, of CO a t  450'2 and decomposed during an 
0 
8-.hour vacuum armeal a t  450 C. The nicrographs of Reaction 10 i n  ef 'fect 
show the  r e s u l t  of decomposing the pa r t i c l e s  characterized i n  Reaction 9. 
Figures 121, 122, and 123 revea l  the topography of 'both t he  i ron  ~ 7 ~ -  
f ace  and the o r i g i n a l  iron-cementi.te in te r face  a s  wel l  a s  the re la t i .ve  p:Lace- 
ment of graphi te  f lakes .  m e  fea tu res  of the  i r o c  surface a r e  seen t o  be 
e s s e n t i a l l y  t he  same as  those of the f i . h  from React.ion 9. h varie.Ly of 
cement i te- ferr i te  in te r face  t ex tu res  were fouad and a r e  i l l u s t r a t e d  I n  
Figures 121 and 122. Some f a c e t i r g  i s  evident. It i s  apparent from the  
micrographs t h a t  the pa r t i c l e s  did r,ot go completely through tne  f i l r ~ s  ex- 
cept  i n  places where a f i lm  discont inui ty  exis ted .  The l a t t e r  i s  p i c - t u r d  
fn, the  micrograph shown i n  Fig;ure 123. Considering the micrographs of both 
 he cementite surfaces and the  cementite-f e r r t t e  i~!::zrfaces, the o v e r a l l  
pictzlre of t he  cementite pa r t i c1 . e~  i s  t ha t  of i r r egu l a r l y  shaped pl.at;eiets 
embedded i n  t he  surface of the  f e r r i t e .  
Figure 121 shows tha t  preferred points  f o r  graphi te  nucleation were 
cemen$i.te-ferrite 'bo-~mdaries a t  the  fi.lm surface and pa r t i cu i a r l y  surface 
st:ep,-par';icle in. tercepts.  The poi .nb of nucleatior, for t h e  graphi te  l a -  
mellae located i n  the cen t r a l  r e g i o ~ s  of .the cementite p a r t i c l e s  a r e  not 
c e r t a i n .  Tney may have nucleated a t  the  cemeritite-f err'l-be i c t e r f ace  und.er - 
r!.eakk; the p a r t i c l e  o r  on the cemen.tite surface.  The l a t t e r  seem moye pro- 
Sable from stra'in energy considerat ions.  The holes in. .the cementite preci -  
Figure 121. Replica of Deconiposed Cementite P r e c i p i t a t e  
Figure 122. Replica of Decomposed Cementite P r e c i p i t a t e s  
F igure  123. Graphite  Lamellae on a Replica of  Decomposed Cementite 
Formations 
p i t a t e s  a r e  the  most l i k e l y  points  f o r  the nucleakion. Support f o r  . th is  
suggestion comes from the  spoty c o ~ t r a s t  associa ted  wi th  a number of t.he 
th inner  graphi-te l ayers  shown i n  Figuse 123. 
Although not  i l l u s t r a t e d ,  the  p l a t e  and 'button type product formations 
discussed ir. subsecti.on C.7 have p l a t e l e t s  of carbon c o v e ~ i c g  the e n t i r e  
area.  The button port.ion of the forma.tions were a l s o  ca~bcn.:,  but it i s  no-t 
c e r t a i n  whether t h e  mate r i a l  was ca rb id ic  p r i o r  t o  t h e  chemical treatment 
i n  t h e  ex t rac t ion  process. The shape of the  plate-bubton. formations aye 
suspic iously  s imi lar  t o  some of the f ia t - topped mounds of iron. i.n 'the f i l m  
surface.  Examples of the mounds a r e  shown I n  Figure 119. 
D. Appl icab i l i ty  of the  Resul ts  f o r  Predi.cting t h e  Behavior of Bulk I r o n  
Are the  r e s u l t s  and conc l~s i .ons  drawr from a study of t h i n  s i n g l e  
c r y s t a l s  of i ron  appl icable  t o  the  behavior o r  bulk i ron ,  o r  the  surface  
of l i d k  i.ron? This question i s  very 1.ogicai s ince  many p roper t i e s  of f i lms 
a r e  not  representa t fve  of those corresponding t o  bulk mate r i a l s .  I n  .?,he 
present inves t iga t ion ,  however, the chemistry of t h e  surface ~ e g i o f i  i s  of 
major 5mpo:rtance i n  .the study. -The p r e c i p i t a t i o n  process observed i n  .';he 
iro:o f i lms does not have t o  be i d e n t i c a l  with t h a t  occurring deep wikhin 
u d k  i r o n  but oniy i n  t h e  surface  reg lono  S i ~ c e  t h e  CO decomposition reac-  
t i o n  was ca r r i ed  out from a s ing le  face  and s ince  t h e  f i lms were approxi- 
mately 4~~ wit c e l l s  th ick ,  it i s  l o g i c a l  t o  consider t h e  chemical e f f e c t s  
observed in the  surface  regions of t h e  films t o  be represen ta t ive  of those 
i n  the  surface of bulk mater ia ls .  The precipTtat ion obsert-'ed i n  the  fi.lms 
has been demonstrated not t o  penetra.5e t h e  f l l m  i n  a majori ty of ins tances ,  
and thus the  f i h n  thickriess i s  s u f f i c i e n t  t o  conta in  a l l  .the informa%ion of 
From the  observati.on t h a t  t h e  f i lms wi. :LI s-upport; the  continuous 
p r e c i p i t a t i o n  process, i.t i s  obvious t h a t  t h e  surface  regions of a b-ilk 
materral  can a lso .  All tha t  wouid be required  f o r  the  bulk mater ia l  would 
be t h e  supersa tura t ion of f;he s i r f a c e .  The supersaturaOion of bulk metal 
shrfaces during CO a t t a c k  $5 an obvious experimental f a c t  s ince  cementite 
has been observed i n  the  surface regions of bulk i r o n  repeatedly (24,26,35). 
It remains too c o r r e l a t e  t h e  morphology of cementite i n  the surface of bulk 
i r o n  t o  t h a t  of i ron  f i lms.  
I n  an e f f o r t  t o  r e l a t e  s ing le  c r y s t a l  f i l m  r e s u l t s  with the  r e s u l t s  
of i n  s i t u  s tud ies  of CO decomposi.tion on bulk materl.als,  a s e r i e s  of ex- -- 
periments was conducted i n  a met;ioscope. As a co-z~.t~esy,  time was granted 
f o r  some experiments using a mekioscope by t h e  Hard.co S c i e n t i f i c  Divi.sion 
of the  Fie lds tone Corpora.tion of Cincinatt i . ,  Ohio. Tke experiments were 
l iml ted  i n  scope and durat ion.  A s  a r e s u l t ,  the information obtained was 
qu i t e  genera l  and did not  represent  the  t r u e  worth of t h e  instrument f o r  
surface reac t ion  inves t igat ion.  
A metloscope i s  a secondary emission e lec t ron  microscope. An Tmage 
of a sample s-mface i s  produced by knockEng e lec t rons  from the  surface  
with an i r o n  beam impi.nging on the  speci.men. a t  grazing inciden.ce. By 
accele:ra.t;ing t h e  emitted e lec t rons  L'hrough an e lec t ron  op t i cs  system analo,-. 
gous t o  t h a t  iz. an electron, mic~~oscope,  a r e l r e f  :image of t h e  surface i s  
produced on a f luorescent  screen. Some d i s t i n c t i o n  ca r  be rcade be,tween 
d i f f e r e n t  compounds present  a t  the specimei2, surface d-ue %o d i f fe rences  . i ~  
work funct ions .  me advantages of u s i r g  . th is  instrument a r e  (1) 'b-alk 
mate r i a l  investi.gat;ions, (2) a t  tempera.ture s tud ies ,  ar,d (3 )  i n  s i t u  reac t ion  -- 
s.tudi.es ca:? be condrzc-Led under moderate vrlcilum c0ndition.s . 
The experiments carr ied out i n  the metioscope were made pri.or to 
developing the  techniques of react ion ca r r ied  out on the  t h i n  s ingle  c ry s t i a~  
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f i lms.  As a r e s u l t ,  the  temperatures studied were generally 100 h.i.ghe.r 
than ,those used f o r  the  s iag le  c r y s t a l  f i lm s tudies .  Therefore, few d i r ec t  
corre la t ions  can be made between t he  two works. However, it i s  in te res t ing  
t o  note t ha t  t he  ove ra l l  shapes of the pa r t i c l e s  formed in the  surface of 
the  bulk specimens reacted i n  the  metioscope a re  qu i te  s imllar  to  those of 
.the cementite pa r t i c l e s  formed ir, the  s ingle  c r y s t a l  f i lms.  Extraction 
r ep l i ca s  of the  bulk samples contained the  p r ec ip i t a t e  pa r t i c l e s  which gave 
the cementite d i f f rac t ion  pat tern .  The cementtte pa r t i c l e s  were formed i n  
the  surface of a bulk polycrystall.i;le specimen i n  l e s s  than 1 hour of reac- 
t i o n  a t  5 0 0 ~ ~  under a CO press-ure of a few mm Hg. For both (001) a:~.d (211) 
plane faces of bulk s ing le  c ry s t a l  specimens, identi,.fiabie cementite formed 
0 i n  approximately 15 minutes of react ion a t  650 c =~nd.er s imilar  pressure con- 
di.tions. The shapes of t he  pa r t i c1 . e~  appeared t o  be qui.t.e si.milar f.-om one 
specimen t o  another . 
Kehrer and Leidheiser (24) a s  we1.1 as Rustoz, e t  a l .  (26) reported --
cerner:tit,e forma.Lions t o  grow i n  the surface of iron.  The prec ip i ta tes  appear 
t o  be qu i te  s imilar  in, morphology to those found i 2  the  i ron  si.ngle crysta.l 
f i lms.  The temperature range of t h e l r  observations was from 350 t o  550'~. 
Ar, addi t iona l  obser'va.Lion by Ruston i s  significanSY i n  l inking bulk 
i ron react ion phenomena t o  t he  t h i n  f i im  r e s u l t s .  The " l i t - tLe c rys ta l s"  
(described i n  Chapter I )  observed by Ruston to  form on the  f e r r i t e  surface 
between cementite out-croppings a r e  of the  same s i ze  and shape as  t he  bxtton 
formations observed i n  Reactions 10 and 11. His sigh5ings were made a f t e r  
1 h o w  of a5tack i n  an atmosphere of 0.5 atm CO a t  a temperature of 550 '~  
ZG a l e s s  than convincing analys is ,  he proposed t h a t  ,these c r y s t a l s  were 
Fe C No confirmation experiments iden t i fy ing  %his  mate r i a l  were made i n  
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t h e  present  work. A s  previo~usly s t a t e d ,  the  only ma,fe~i .a l  which could be 
i d e n t i f i e d  i n ,  t h e  v i c i n i t y  of a button was graphi te .  Had a c r y s t a l  of 
carbide 'been present ,  some di . f fsac t ion evidence should have occurred even 
i f  it d id  not r e s u l t  i n  a complete and solvable SAD  patter.^.. However, c.0 
such evidence was observed. 
The l a c k  of an increase  i n  cementite formation r a t e  f o r  CO pressures 
above 500 p f o r  the  i ron  f i lms (implying a sharp decrease in CO decomposi- 
t i o n  r a t e )  i s  not i r ~ c o n s i s t e ~ t  with res.ii2.t~ i n  the  l i t e r a t u r e  showiiig t h e  
CO decomposition r a t e  t o  be proport ional  to  t h e  C O  pressure (19).  The 
repor t  se fe r red  t o  was made f o r  r eac t ion  occurri.ng we1.3 beyond the  i n i t i a l  
s tages  of metal a t t ack .  Also, more rap id  decomposition of CO can be sup- 
ported by bulk mater ia ls  s ince the  i n t e r i o r  of t h e  metal w i l l  'be continuously 
taking carbon away from t h e  surface.  The e f f e c t  w i l :  oppose t h e  attainment 
of t h e  degree of carbon s-upersat.urat;ion i n  the surface required t o  s t o p  CO 
decomposition. 
I n  s.ummation,  he information obtained from t h e  s t u d i e s  of m e  CO 
a t t a c k  on t h i n  i r o n  f i lms i s  d i r e c t l y  r e l a t e d  t o  t h e  processes oec -ur ing  
i n  t h e  presence of bulk iron.  
E. Relati.on of the Resul ts  t o  ,the Metal. Dusting Problem 
The decomposikLon of carbon monoxide a s  catalyzed by a metal s u f a c e  
i s  t h e  most promirent of a l l  t h e  me.kal dust ing reac, t ions.  However, the  
reac t ions  f o r  mos'h carbonaceo.us gases a r e  s fmi iar  i n  t h e i r  ,ultimate e f f e c t  
,n the  metal. % i s  f a c t  indica tes  that; bhe sol.id phase pheriomena iu 
basi .ca l ly  t h e  same from one case t o  another. Accordingly, ,the o'bservat;ions 
and pos tu la tes  made :i.r.. t he  present  research have genera l  signif"ical;.ce. 
It i s  proposed t h a t  metal d.usting ini t ; i .ates by t h e  soluti.or. of  car-  
'bon i n t o  t h e  metal matrix. Nacent carbon i n  t h e  genera l  case i s  l i b e r a t e d  
from .the carbon bearing molecules of t h e  e n ~ i r o n m e r . ~  'by c a t a l y t i c  cracking 
processes a t  %he metal surface.  
The metal i s  proposed t o  a c t  as a c a t a l y s t  or1.y i f  (1)  it can. adsorb 
the carbon-bearing species;  ( 2 )  the s p e c i f i c  carbon atom ult ima-tely t o  be 
~ncorpora,i;ed in to  the  l a t . t i c e  from a molecule forms a chemisorp.bion 'bond 
wi th  the  metal ( a  p r i . 0 ~  s tep  would be required  f o r  f r e e  r a d i a l  formation 
i n  the  case of sa tu ra ted  carbon compounds); ( 3 )  t h e  metal i s  capable of 
e s tab l i sh ing  carbide type bonds; (4 )  the  metal i s  unsaturated with carbon 
o r  i s  a c t i v e l y  s.upporti.ng continuous precipi2;ation.. Thus, i ron ,  coba l t ,  
n icke l ,  and chromium a r e  metals which f u l f i . l l ,  t h e  requirements f o r  a r n e t ~ l  
dust ing kype c a t a l y s t  by t h i s  scheme. 
As the reac t ion  progresses,  t h e  region c lose  t o  t h e  surface becomes 
supe.rsa,turated wi th  carbon, and contin~nous p r e c i p i t a t i o n  i s  i n i t i a t e d .  Ir, 
t h e  case of i ron ,  cementite nucleat ion occ.ms a t  d is loca , t ions ,  sub-boundaries, 
and g ra in  boundaries. For i ron  the  cementite nucl.ei grow t o  form d i s t i n c t  
incoherent p a r t i c l e s  which increase  i n  s i z e  wi th  continuing p rec ip i t a t ion .  
Later  i n  t h e  process graphi te ,  the  e q u i l i b r i - i  phase, nucleates alrd cemen- 
t i t e  begins t o  decompose. Preferred  s i t e s  f o r  graphi te  nucleati.on exis t  
a-t; the  cementi te-ferr i te  i n t e r f a c e  a t  points  along t h e  surface in te rcep t s .  
Other n-ucleatjon s i t e s  f o r  graphi te  a l s o  e x i s t  i.n .the f e r r i t e  surface.  Con- 
t inuing r e a c t i o ~  promotes both cementite growth (concurrefi+, with ~ e m e n t i t ~ e  
decomposi.tion) as  we1.l a s  growth of the  graphi te  deposits .  These occur 
a t  accornmoda.ting r a t e s .  Cemelitite pa r t i c l e s  a r e  more e a s i l y  formed i n i -  
t i a l l y  ,than graphi te ,  and the  car'bide may a c t  a s  intermediate storage cen- 
t e r s  f o r  carbon i n  t he  ea r l y  stages of the react ion.  A l l  these phenomena 
a r e  common t o  the  general  t h e o ~ y  of ~c:r.,~:fnuc 2.5 preci.p:itat ion and should be 
ra te-control led  by t he  d i f fus ion  of carbon i n  iron.  The increasing r e a c t i -  
0 v i t y  reported f o r  i r on  with increasiiig temperature up t o  approximately 550 C 
appears t o  r e s u l t  from the  corresponding increase i n  t he  di f fus ion r a t e  f o r  
carbon i n  i ron ,  I n  re t rospec t ,  a stludy f o r  determining the  mechanism f o r  
bhe decline i n  r e a c t i v i t y  above 5 5 0 ~ ~  would require  more experiments a t  both 
450 '~  and 550 '~  i n  which the  time of react ion would be extended f o r  a s e r i e s  
of values. Westerman (35)' has a t t r i bu t ed  t he  decrease t o  the  increasing 
thermodynamic s t  a b i i i t y  of cementite with in.creas ing 'Lemperat'ure . 
Analogous p rec ip i t a t ion  processes proba'bly control  the  react,ion i n  
the other  metals with differences a r i s i n g  from dif ferences  in the s t a b i l i t y  
of both the  metal-carbon solut ions  and the  carbide phases characteri.s.t;ic 
nf t he  metal involved. 
Once decompositi.on of the carbide (espec ia l ly  cementi.te) begins, 
bhe character  of the  surface product formation may be a l t e red .  If t he  
i ron ,  f o r  example, i s  l i be r a t ed  i n  f i n e  dispersi.on, obviously the g rea t  
increase i n  t he  i ron  surface t o  mass r a t i o  w i l l  increase the  s i t e s  f o r  CO 
decomposition. I n  the  f i n e  pa: r t ic le  form, the  i ron  may be b e t t e r  ab le  t o  
accept nacent carbon and subsequently generate graphi te .  I n  t h i s  form the 
i r on  may be more e a s i l y  v isual ized as  promoting the  filamentary f o ~ m a t i o n  
of graphi te  which i s  generally found with the  react ion.  The f i n e l y  divided 
i ron  may a l so  be t ransfo~med t o  the  higher i ron  carbides whi.ch have been 
repor ted  t o  p lay  important r o l e s  i n  CO decomposition and f i lament formation. 
The l a t t e r  s tages  o f  t h i s  react i .on obviously r e q u i r e  f u r t h e r  study. 
I n  view of the  proposed charac.t;er of  .the i n t t i a l  s tages  of metal  
dus t ing ,  t h e  c a t a l y t i c  a c t i o n  of t h e  i r o n  matrix i s  expected t o  change 
during the  course of t h e  r eac t ion .  The pzre metal would be expected t o  
decompose CO a t  a decreasing r a t e  a s  t h e  carbon content of t h e  i r o n  surface  
increased. From the  present  s tudy,  CO decomposition does appear t o  slow t o  
a r a t e  s u f f i c i e n t  only t o  maintain supersa tura t ion  of t h e  i r o n  f i lms  d.uri.ng 
reac t ion .  
For bulk mater ia ls  decreasing CO decomposition may not  e a s i l y  be 
demonstrated s ince  t h e  i n t e r i o r  of t h e  metal  w i l l  continuously remove ca r -  
bon from the  surface .  I n  addi t ion ,  once cementite decomposition 'begins, 
increas ing quant i t i .es  of  f r e s h  f e r r i t e  wil:. be ava i l ab le  f o r  CO chemisorp- 
t i o n  and the  r a t e  of  decomposition sho-uld increase .  The i.ncreased CO de- 
composition should then be self-propagating a s  cementite i s  continuously 
formed and decomposed, producing more of the  f i n e  f e r r i t e  d ispers ion .  The 
CO pressure  curves of Hui and Boulle ( 5 6 )  f o r  the reac-Lion qn iron f o l l o w  
the  p a t t e r n  expected f o r  t h i s  type of r eac t ion .  
I f  preci .pi ta . t ion of a carbide o r  of  g raph i t e  were stopped, @O decom- 
pos i t ion  would be expected t o  s top when a maximum degree of s .upersaturat ion 
of t h e  l a t t i c e  had been achieved. Decomposition of CO would a l s o  be ex- 
pected t o  s top  i f  the  surface  of .the c a t a l y s t  were completely converted t o  
a s t a b l e  carbide.  
I n  view of the  proposed continuous p r e c i p i t a t i o n  mechanism f o r  t h e  
phenomena taktng place i n  the  s o l i d  phase during CO a t t a c k ,  i,t i s  obvious 
t h a t  t h e  r a t e  and degree of  a t t a c k  can be varied by changing t h e  a c t i v i t y  o 
t h e  carbon i n  t h e  system. Alloying elements a r e  known t o  e f f e c t  the  stabi.1- 
i t y  of cementite in i ron  (and s t e e l s ) .  TZle meta l l i c  elements t o  t h e  l e f t  
of  i r o n  i n  the  Per iodic  Table, Mn, Cr, V, and Ti., a r e  known t o  s t a b i l i z e  
cementite. According t o  t h e  proposed mechanism, add i t ion  of these  elements 
t o  i r o n  would re . tard  metal dust ing s ince  t h e  carbide would not break down 
as r e a d i l y  t o  nucleate t h e  graphi te  nor produce more a c t i v e  metal. S i l i con ,  
on the  o the r  hand, lowers the  s o l u b i l i t y  of carbon i n  i ron ,  does not s t a b i l -  
i z e  cementite, and may a i d  graphi te  formation.. The ul t imate  e f f e c t  on metal 
dus t ing by S i  i s  not exact ly  known s ince  on f i r s t  thought the  decrease i n .  
s o l u b i l i t y  of carbon i n  i ron  may be i n t e r p r e t e d  a s  an inhibiting e f f e c t .  
However, i f  Xi promotes graphi te  formation and decreases the  s t a b i l i t y  of 
cementi te ,  t h e  e f f e c t  may be t h e  reverse .  An added considerat ion of an 
SiO-rich region previously formed proximate t o  t h e  surface  i s  pe r t inen t  
a l so .  Such a s t a b l e  l a y e r  has 'beer, demonstrated t o  r e t a r d  a t t ack .  
Pretreatments of i r o n  with compomds containing divalent  s u l f u r  
( i . e . ,  H2S) have been reported t o  i n h i b i t  metal dust ing.  According t o  t h e  
present scheme, t h i s  e f f e c t  i s  u n d e r s t a ~ d a b l e .  Su l fu r  in c a s t  iron, fo- 
example, i s  known t o  re . tard  cementite formation and .to hinder graphi te  
rlucleation and/or growth. Therefore, t h e  propagation of .the meta l  dus t ing 
r e a c t i o n  should be inh ib i t ed  s ince  cementite formation and sq~bsequent  nu- 
c l e a t i o n  and gr0wt.h of graphi te  a r e  required.  
The i n h i b i t i o n  of metal dust ing by a NH pretreatment i s  of uncer- 
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t a i n  o r i g i n .  The treatment should n i t r i d e  the  s t e e l .  Sirice such treatments 
have been character ized a s  only temporary, perhaps t h e  i n h i b i t i n g  e f f e c t  i s  
only k i n e t i c  i n  nature  s ince  a double d i f f u s i o n a l  process would be requi:u.ed 
i n  t h e  matrix. I n  o ther  wcrd . s ,  not only wouid carbon have t o  dfff'use i n t o  
t h e  metal t o  p r e c i p i t a t e  a t  a c t i v e  s i t e s ,  but  n i t rogen would probably have 
t o  be replaced a t  these  s i t e s  and subsequently d i f fuse  from the metal,  
Accounting f o r  the  e f f e c t s  of  impur i t ies  i n  e i t h e r  gas o r  metal iU 
obviously a complex problem. It i s ,  however, q u i t e  c l e a r  t h a t  the  p u r i t y  
of the  system may have profound influences on metal  dus t ing  reac t ions  i n  
genera 1. 
A s  previously shown i n  t h i s  chapter ,  t h e  on ly  compounds i d e n t i f i e d  
on o r  i n  t h e  i r o n  f i lms reac ted  i n  the  present  program were cementite ( ~ e  c ) ,  
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graph i t e  ( c ) ,  and magnetite ( ~ e  0 ) .  Magnetite was found t o  occur upon ex- 
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posure of t h e  f i lms t o  t h e  atmosphere. No magnetite formation could F- 
a t t r i b u t e d  t o  r e s u l t  from t h e  exposure t o  C O O  It i s  proposed t h a t  t h e  
appearance of  magnetite i n  metal  dus t ing  reac t ions  occurs a s  a  r e s u l t  of 
an oxidiz ing impurity i.n the  carbonaceous en.vironment, Carbon dioxide con- 
centrat ions above s p e c i f i c  l e v e l s  can a l s o  d e f i n i t e l y  l e a d  ,to oxidat ion.  A 
number of  t h e  oxide observations appearing i n  t h e  l i t e r a t u r e  were described 
i n  Chapter 1. 
Graphite has been observed as  the primary product of metal dust in& 
i n  a l l  i n s t ances  of s u f f i c i e n t  dura t ion .  Cemen'tite,on t h e  o t h e r  hand, was 
not t h e  only carbide phase repor ted  i n  t h e  l i t e r a t u r e  t o  r e s u l t  from t h e  CG 
a t t a c k  of i ron .  1.t i s  proposed on the  b a s i s  of  the present  i n v e s t i g a t i o n  
and the  background obtained from ,the l i t e r a t u r e  t h a t  cementi.te i s  t h e  f i r s t  
new product phase formed i n  t h e  CO a t t a c k  of i r o n  masses of s u f f i c i e n t  s i z e  
t o  support a  con'tinuous p r e c i p i t a t i o n  process.  The temperature range of 
a p p l i c a b i l i t y  f o r  t h e  proposal  runs from 250 '~  t o  5 5 0 ~ ~ .  Predominan.tiy, 
the  r epor ted  observations of  t h e  higher carbides  of  i.ron were f o r  CO a t t a c k  
0 -f i r o n  powder ( o f t e n  t h e  promoted PJI1 synthes is  type c a t a l y s t )  under 350 C. 
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It has been suggested i n  t h e  l i t e r a t u r e  t h a t  very small  g r a i n s  of bu lk  i r o n  
can be  d i r e c t l y  t ransformed t o  a  h igher  ca rb ide .  Since t h e  p re sen t  i n v e s t i -  
ga t ion  d e a l s  with only  t h e  i n i t i a l  s t a g e s  of  r e a c t i o n  and only  over laps  a  
smal l  p o r t i o n  of t he  temperature range of t h e s e  obse rva t ions ,  it cannot be 
used t o  support  nor  c o n t r a d i c t  t h i s  evidence. Once cementi te  begins  t o  de- 
compose t o  produce f i n e  i r o n  p a r t i c l e s ,  i t  may be  p o s s i b l e  t h a t  t h e  h igher  
carb ides  form i n  t h e  C O  a t t a c k  of bu lk  i ron .  
CONCLUSIONS 
The research described i n  .the precedirg chapters  l e d  t o  the  follow- 
ing conclusions. 
1. Good q u a l i t y  i ron  s ing le  c r y s t a l  f i.lms can be grown reproducibly 
on the  (001) cleavage faces  of NaCl. The (001) f i lms form from t h e  vapor 
by the  growth of small  nucle i  which i.mpi.nge t o  form corr~plex networks. Upon 
c losure  of the  networks crystal1ographi.c defects  a r e  trapped. A good qual- 
l t y  c r y s t a l  i s  formed by annealing most of the  l a t t i c e  defects  out  of the 
f i lm. The primary crys ta l lographic  defect  of i r o n  s ing le  c r y s t a l  f i lms i s  
t h e  d i s loca t ion  sub-boundary. 
2. I ron  s u ~ f a c e s  of very high p u r i t y  a r e  a s u f f i c i e n t  c a t a l y s t  f o r  
t h e  decomposition of carbon monoxide. 
3. The i r o n  l a t t i c e  becomes supersaturated with the nascent carbon 
from t h e  surface  decomposition of carbon monoxide. No carbon deposi t  nu- 
c l e a t e s  on the  i r o n  surface during the e a r l y  s tages  of t h e  react ion.  
4. The f i r s t  e l ec t ron  microscopic evidence of the  ensuing formation 
of a  s o l i d  phase product i s  the decoration of d i s loca t ions  and di.slocat;ion 
sub-boundaries within the  i ron matrix. The f i r s t  discernable decorat ions 
a r e  c0heren.t carbon-rich atom c l u s t e r s .  
5 .  The population densi ty  of product nucle i  i s  very s e n s i t i v e  t o  
the  degree of  supersa tura t ion of the  i r o n  l a t t i c e  with carbon. 
6. Cementite, t h e  f i r s t  i d e n t i f i a b l e  product i n  the  temperature 
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range 250 t o  550 C ,  nucleates from coherent carbon-rich atom segregates 
observable i n  the e lec t ron  microscope. 
7 .  The population densi ty  of carbide p a r t i c l e s  a f t e r  1 hour o i  
r eac t ion  under 1,000 p of CO tends t o  decrease with increasing temperature. 
8. The only o the r  s o l i d  phase product to  form i s  graphi te  which 
appears when t h e  cementite begins decomposing. Graphite nucleates and 
grows i n  more than one form. Specia l ly  or iented  graphi te  f l a k e s  e x i s t  a t  
l a t t i c e  d i s c o n t i n u i t i e s  such a s  r e l a t i v e l y  l a rge  surface s t eps  and holes i r  
the  i ron  f i lms .  The (002) graphi te  planes tend t o  l i e  p a r a l l e l  t o  {110] 
and {200] i ron  planes. Graphite 1ameUaewIth the basa l  planes p a r a l l e l  t o  
t h e  f i l m  plane form on the  cementite surfaces .  S ign i f i can t  q u a n t i t i e s  of 
apparently amorphous carbon a r e  o f t en  l e f t  a t  t h e  s i t e s  of cementite p a r t i -  
c l e  decomposition. 
9. Magnetite ( ~ e  0 ) i s  not a product of t h e  CO a t t a c k  of  i ron.  3 4 
Magnetite a s  an ep i t ax ic  f i l m  i s  formed on the  i ron  f o i l  upon subject ing 
it t o  ana lys i s .  The s a t e l l i t e  spots  around i r o n  {110] r e f l e c t f o n s  a r e  
caused by the  [311] and {511] r e f l e c t i o n s  from the surface oxide. The 
oxide i s  o r i en ted  Fe 0 (001) [400] ( 1  (001) [ l l o ]  Fe. These f indings  
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c l a r i f y  a number of observations of i ron  oxidation repor ted  i n  the  l i t e r a t u r e .  
10. Cementite w i l l  decompose a t  a temperature a t  l e a s t  as  low a s  
11. Cementite p a r t i c l e  shapes give evidence of the  accommodation of 
surface  energy and s t r a i n  energy associa ted  with t h e i r  nuclea t ion and growth. 
This evidence together with t h a t  from surface r e p l i c a s  e s t a b l i s h  t h a t  the  
cementite forms and grows i n  the  metal matrix and not on the  surface .  The 
p a r t i c l e s  have shapes corresponding t o  i r r e g u l a r  p l a t e l e t s .  
12. Cementite p a r t i c l e  growth i s  control led  by the d i f fus ion  of 
carbon i n  the iron.  The growth r a t e  data  f o r  t h e  cementite p a r t i c l e s  was 
used t o  ca lcu la te  t h e  a c t i v a t i o n  energy f o r  growth. The value was 21.4 
kcal/mole corresponding wel l  with the  accepted value f o r  the  a c t i v a t i o n  
energy f o r  carbon d i f fus ion  i n  alpha-iron.  
13. A l l  f e a t u r e s  observed f o r  the  nucleat ion and growth of t h e  
product p a r t i c l e s  correspond t o  t h e  theory of continuous p rec ip i t a t ion .  
14. A f ixed  o r i e n t a t i o n  re la t ionsh ip  does not e x i s t  between tbp 
l a t t i c e s  of cementite and t h e  i r o n  s ing le -c rys ta l  f i lms.  
15. Large c r y s t a l s  of cementite can be formed by reac t ing  i ron  s in -  
gle c r y s t a l  f i lms with CO. Stacking f a u l t s  on t h e  (001) cementite planes 
do occur. 
6 Pressure va r ia t ion  of  the  CO does not change the  order of pro- 
duct formation i n  t h e  5 t o  1,000 p range. Temperature and pressure do 
e f f e c t  t h e  CO decomposition r a t e .  The r a t e  of CO decomposition i s  a l s o  P 
funct ion of the carbon content of the  i ron  phase. ?The CO decomposition 
r a t e  i s  equal to  the  r a t e  of carbon p r e c i p i t a t i o n  ( i n  the  form of cemen- 
t i t e )  from t h e  f e r r i t e  matrix when the  pressure i s  s u f f i c i e n t  and s a t u r a t i o n  
of t h e  i r o n  has been a t t a ined .  The evidence ind ica tes  a maximum e x i s t s  f o r  
the  degree of supersa tura t ion a t t a i n e d  a t  a given temperature. 
CHAPTER V 
.F..ECOMMEM)ATIONS FOR FUTURE STUDIES 
The research described i n  the foregoing chapters immediately suggests 
many new programs as  we l l  a s  extensions of the s tud ies  present ly  t r ea ted .  
The development of techniques f o r  reproducibly growing i ron  s ingle  c r y s t a l  
f i lms affords  many new invest igat ions  of i r on  systems because of the ex- 
cept ional  ve r s a t i . l i t y  of transmission e lec t ron  microscopy. Of irnrnedia,he 
value, t he  pos s ib i l i t y  of stackin.g f a u l t  format ion i n  the body-centered- 
cu'bic i ron  l a t t i c e  could be invest igated and the  fault ;  c h a a c t e r i z e d .  Some 
evidence for t h e i r  existence was observed i n  t he  deposited i ron  f i lms a l -  
though no proof of the  character  of the  phenomenon was obtained. .Also, in-  
ves t igat ion of the heat  treatment of i ron  s ing le  crys5al  f i lms coat.ed w,:.th 
evaporated carbon should be made t o  check the  r e s u l t s  of Schen.ck (95). 
Schenck's s tud ies  of .the time-temperature range of existence of '.he IX'OY. 
carbides a r e  ve ry  in.teresti.ng, 'but there  i s  reasor, t o  believe t;ha.L t he  
f i lms ,ilsed i n  h i s  work were discontinuous. Therefore,, extecsion of the 
inves t iga t ions  using the  high qua l i ty  s ing le -c rys ta l  i ron  f i lms produced 
fo r  the  present  s t'udies would be very worthwhile and readi . ly accompl:!.shable. 
The s ing le  c r y s t a l  i ron  f i lms w i l l  a l s c  allow basic  s tud ies  of the  
proper t ies  of pure i ron.  Magnetic and mechani.ca1 proper t ies  a r e  two of" 
the  more obvfo'us subjects .  Also, the veyy l a rge  cementite p a r t i c l e s  which 
form i n  t he  i r on  a f t e r  extended expos.cre t o  car'bon monoxide a r e  excel lent  
specimens f o r  'basic s tud ies  of cementit.e crystal lography.  Othe? l o g i c a l  
extensions of the  present  inves t iga t ion  could coc t r ibu te  much information 
t o  the  bas ic  bowledge of the  iron-carbon system. 
8f  s igni f icance  t o  metal dust ing,  t h e  methods of inves t igat ion used 
i n  t h i s  work can be extended t o  study the  influence of gaseous impur i t ies  
on i r o n  a s  a c a t a l y s t .  The mechanism of acce le ra t ioc  o r  i n h i b i t i o n  of CO 
decomposition induced by t h e  impur i t ies  could wel l  be t h e  end r e s u l t .  
Also of g r e a t  i n t e r e s t  a r e  fundamental oxidation s tud ies  using t h e  
s i n g l e  c r y s t a l  f i lms as  specimens. Once the  oxidation of the f l lms i s  
characterized,  the add i t iona l  study of t h e  CO a t t a c k  of i r o n  supporting an 
oxide f i l m  can be conducted. 
I n  addi t ion  t o  more d r a s t i c  experimental modificat ions,  the  present  
ty-pe of inves t iga t ion  should be expanded t o  include more in tens ive  s tud ies  
of the  carbon-rich atom c l u s t e r s  from which cementite i s  nucleated.. The 
temperature range inves t igated  should be extended t o  include temperatures 
-s low a s  1 0 0 ~ ~  i n  order 20 determine whether a carbEde of hlgher carbon 
content i s  formed. The pressure range should be increased t o  include car-  
uon monoxide pressures a t  and above 1 atmosphere i n  order t o  more fully i n -  
ves t iga te  t h e  p r e s s w e  dependence of the  s o l i d  phase product formation. 
Time a s  a  s ing le  reac t ion  var iable  should be extensively s tudied t o  b e t t e r  
define t h e  o v e r a l l  k ine t i c s  of the process. The time of r eac t ion  should 
a l s o  be extended and varied f o r  a  s e r i e s  of experiments a t  both 450' and 
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550 C t o  allow k v e s t i g a t i o n  of the phenomeca causing the  decl ine  i n  r e a c t i -  
v i t y  above 550'~. 
The o r ien ta t ion  r e l a t i o n  observed between t h e  graphzte formations 
and the  i r o n  matrix warrants f u r t h e r  inves t igat ion.  There appeared t o  be 
no other  f e a t u r e  which might l o g i c a l l y  be expected t o  give r i s e  t o  t h e  
f i lament  formations found i n  o the r  s tud ies  of CO decomposition on i r o n .  
A very important approach f o r  f u t u r e  s tud ies  appears t o  be the  com- 
b ina t ion  of i n t e r n a l  f r i c t i o n  measurements and t h i n  f o i l  elect-on micro- 
scopy of  i r o c  sheets  u ~ d e r g o i n g  carbon monoxide a t t a c k .  From such s tud ies  
t h e  maximum degrees of carbon supersa tura t ion  a t  f i x e d  temperatmes and 
pressures may be determined. m e  point  of i n i t i a l  carbon p r e c i p i t a t i o n  
might a l s o  be r e l a t e d  t o  the micrographic p ic tu re  of prec ipf  t a t e  developmellt, 
I n  order  t o  determine the  exact  s f t e s  of molecular CO adsorption and 
decompositfon, it i s  apparent t h a t  low energy e l e c t r o n  d i f f r a c t i o n  o r  p o s s i -  
b ly  f i e l d  emission microscopy a r e  the  only techniques appl icable .  The con- 
.Linuous p r e c i p i t a t i o n  process observed i n  t h i s  study suggests t h a t  t h e  de- 
composition s i t e  dens i ty  i s  very l a r g e  wi th  respect  t o  t h e  product dens i ty  
i n  t h e  surface  plane. 
While the  ind iv idua l  procedures developed f o r  producing, r eac t ing ,  
and analyzing specimens a r e  c e r t a i n l y  not new i n  concept, t h e i r  combination 
a s  a program approach t o  s p e c i f i c  problems has not  o f t e n  been used. The 
q u a l i t y  of the  r e s u l t s  presented fn t h i s  work i s  quite i n d i c a t i v e  of t h e  
s o u n d ~ e s s  of  the approach f o r  use i n  studying many surface  reac t ions  under 
q u i t e  varied condit ions.  It i s  not, p r a c t i c a l  t o  k i s t  a l l  the  problems f o r  
which s imi la r  and extended s t u d i e s  a r e  appl icable .  The i n t e n t  i s  t o  s t i -  
mulate f u r t h e r  development of these  t e c h i q u e s  i n  t h e i r  app l i ca t ion  t o  sur-  




Preparatory t o  the  experimental portion of t h i s  research, a thermo- 
dynamic study was made concerning the  formation of a var ie ty  of compounds 
i n  the  iron-carbon-oxygen system. The study was made t o  a id  the  p1annin.g 
of experiments f o r  determining the reaction products resu l t ing  from the 
action of carbon mortoxide on iron. 
The f r e e  energy changes of twelve reaction equa.tions as functions 
of temperature were investigated. Standard Giljbs f r e e  energy of formation 
data (163) were calculated a+, 400°, 700°, 800°, goo0, 1 , 0 0 0 ~ ~  and 1 , 4 0 0 ~ ~  
t o  obtain the information fo r  p lo t t ing  the  thermodynamic re la t ions .  5 e  
equations f o r  CC decomposition and cementite formation a s  wel l  as  those 
f o r  react ions  involving d i rec t  oxidation of i ron by both @O and CO were 
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included. The reactions were f~ rmula t~ed  as fo;2ows: 
3) Fe + CO = FeO c i: 
4) 3 FeO + CO = Fe 0 c 1 ,  3 4 
5) 2 F ' e O  + C O = 3 F e O  + C  
3 4 2 3 
6) Fe + C02 = FeO + CO 
The r e s u l t s  a r e  i l l u s t r a t e d  in .  F i g w e  124, The d i r ec t  reacti.on of i ron 
with GO t o  form i ron  pentacarkonyl was r,o,t included s icce  i t  has an 
equilibrium content of K = 1 x 10-13 (from log K = 8 9 4 0 / ~  - 30.09 (164)) 
a t  a temperature as low as  2 5 0 ~ ~ .  
The simple analysis  afforded by the  p lo t s  of Figure i24 provided no 
s ignif  icarrt i,cformation t o  c l a r i f y  the  problem. The compounds FeO, Fe304, 
and Fe 0 a r e  in.dicated t o  possibly form by d i r ec t  oxidation of the  i ron 'by 
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carbon monoxide i n  t he  temperakure range of i n t e r e s t  (250' t o  5 5 0 ~ ~ ) .  These 
same oxides by other react ion forrnula.tions can be reduced by the  carbon mon- 
oxide. Both Ye0 and Fe 0 can a l so  be converted t o  Fe 0 A s  expected, car-  
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bon and cementite a re  l i .kely products of the  CO in te rac t ion  with iron.  It 
.s evLdent t ha t  t he  system o f f e r s  many possi.'bili:Lies f o r  complications. 
Sic.ce the  experiments were ,to be conducted a t  reduced pressures 
an.d high temperatures, ,the question of oxide s t a b i l i t y  arose. The decom- 
posi t ion pressures of the i ron  oxides were, therefore ,  calculated.  The 
0 r e s u l t s  and t he  react ions  considered fo r  a temperature of 900 K were as  
fol'lows : 
-24 
2 ~ e 0 ( s )  = 2 ~ e ( s )  + 0 2 ( g ) ,  p o q = 1 . 5 8 x 1 0  atm 
2 Fe 0 ( s )  = 6 ~ e O ( s )  + 02(g) 
3 4 j Poa = 3.98 x atm 
- 
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Figure 124. Gibbs Free-Energy Change for Reaction Versus Temperature 
for Several Reaction Formulations 
0 EQUATION 3 
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IJ EQUATION 7 
A EQUATION 8 
TEMPERATURE (OK) 
Figure  124  ( con t inued) .  Gibbs Free-Energy Change f o r  Reaction Versus 
Temperature f o r  Seve ra l  React ion Formulations 
2 Fe 0 ( s )  = 4 ~ e ( s )  + 302(g); po - 2.51  x atnr 
2 3 2 
6 Fe 0 ( s )  = 4 Fe 0 ( s )  + 02(g) - 12 
2 3 3 4 ) Po2 = i 0 2 6 x 1 O '  atm 
2 Fe 0 ( s )  = 4 F ~ O ( S )  + 02(g), po = 6.31 x atm 
2 3 2 
me r e l a t i o n  K = e x p ( - b G O / ~ ~ )  f o r  the  r eac t ions  was the  b a s i s  f o r  t h e  calcu- 
l a t i o n s .  Approximating t h e  a c t i v i t t e s  of the  s o l i d s  by unity and the  a c t i -  
v i t y  of oxygen by i t s  p a r t i a l  pressure, khe r e l a t i o n  used takes t he  form 
In Po = -AG'/~RT (where a i s  t h e  c o e f f i c i e n t  of t h e  oxygen term i n  t h e  
2 
reac t ion  being considered). The standard Gibbs f r e e  energies  of formation 
used i n  t h e  cal .culat ions were obtained from B u l l e t i n  605 of the  Bureau of 
Mines (i63). The magnitudes of t h e  various decomposition pressures  preclude 
the  p o s s i b i l i t y  of simple oxide decomposition in t he  vacuum system a t  t h e  
temperatures used throughout t h e  experiments. 
APPENDIX B 
DIFFRACTION DATA 
':n t h i s  appendix a r e  tabula ted  t h e  in te rp lana r  spacing data  found 
-a ;ef .~l  f o r  solving the  e l ec t ron  d i f f r a c t i o n  p a t t e r n s  encountered. I ron ,  
t h e  i r o n  carbides ,  rnagnetfte, and graphi te  a r e  t h e  ma te r i a l s  considered. 
Zist-ings from m l t i p l e  sources a re  included f o r  t h e  cornman carbides.  
Table  22, X-Ray Diffraction Data for Iron ( 1 6 5 )  
)F. 
Table 23. Cerne~tite: 3att;ice Spacings and R.eciprocal 15akt;ice Xpaci.ngs 
* 
Table 23. Cementite L a t t i c e  Spacings an.d Reciprocal. Lat+;ice Spacings 
( eont inaed) 
hkk? d & 
3t. 
Calcu1at.ed from l a t t i c e  pa.rAameters obtained from x-ray d i f f r a c t i o n  
da tpa (166) . 
Table 24. Electron Diffraction Data of Cementite 
Line No. 
Nagakura ( 9 3) 
hkl* 
d ~ b s  6) I/Io x 100 
Schenck (95) 
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Table 24. Electron Diffraction Data of Cementite (continued) 
Line No. 
Nagakura (93) 
hkl* dabs 6) 1/I0 x 100 
Schenck (95) 









T a b l e  24. Electron Diffraction B a t a  of Cementite (continued) 
Nagakura  (9 3) Schenck (95) 
L i n e  No. hkl* do bs (3 I/I~ x 100 do bs 6) 1/I0 x 100 
"(hkl) is the forbidden reflection 
Table 25. Lat t ice  Spacings of Hagg Carbide ( ~ e  C ) 
5 2 
X-Ray Diffraction Data i- Electron Diff ract ion Data 
Duggin and Hof e r  ( 1  67) Napakura (93) Schenck (95) 






















Table 26. Lattice Spacings for Epsilon Carbide 
X-Ray Diffraction Data 
Hoffer ( 6 8 )  
hkl  dabs ( 1/I0 x 100 
Zlectron Diffraction Bata 
Nagakura (9 3) Schenck (95)  
do bs (3 d ~ b ~  ( 111, x 100 I/Io x I00 Line No. 
Table 27. X-Ray Diffraction Data for Fe7C3 (74) 
hkl 
Table 28. X-Ray Diffraction Data f o r  Fe304 (165) 
Table 29. Electron D i f f r a c t i o n  Data of Graphite  (47) 
S 






Table 30, Carbon Monoxide Gas Analysis  
Provided by The Matheson Company 
Components Volume Per  Cent 
Notet Carbon Monoxide Obtained Prom The Matheson Company 
Table 32, Iron Wire Analysis Provided by the 
Materials Research Corporation 
Imprnri ty Content (ppm) Impurity Content (ppm) 
0; 004 
0.085 
< 0 0 0008 
8 .O 
7 *o  
702 














0 0 6 

















Boteas Iron *re obtained f r o m  the BIIatesiale Research Corporationo 
Analysis typieal as determined by mass spectrometxy by the 
Battelle Memorial Institute Tor MRCo 
EXPERIMENTAL RUJX DATA 
For completeness, t h e  experimental da ta  f o r  the  r-uns included i n  
t h e  Reac,tion Schedule of Table 3 a r e  present-ed i n  Tables 32 through 46. 
This :ir;fo~ma+;ion should a l so  be he lp fu l  f o r  extending the  app1icat;ion ok 
the  equipment and techniques developed. 
o a ,  c u r H c u r t l c d o k  +k k k k k  
+ = + = + ' - I = + '  +Ik 2 vk + r c? r 
'0 \ 1 3 , 3 \ \ % %  
r - 0 0 0 0 0 0 0 0 0  
0 0 0 0 0 0 0 0 0  
X O O O O O O O O O  
m co ~ - + ~ a a m - a ~ a ~  
M ul + N O N O r N  . 
a r- N O O O O O O O O O O  
7 F C U ~ - r r - - r v - - -  
Table 32. Data on the Experimental Conditions for Run 60 (Reaction 1 )  (continued) 
Pilm Temperature Copper Block Temperature System Eressure Remarks 
T.C. Output Temp. T.C. Output Temp. 
(mv 1 (OC) (mv> ("(2 
13.54 250 10.18 25 1 1,000p CO t = 55 min. r 
13.52 249 10.16 250 1,OOOp CO 
f t = 60 min.; Termination r 
1 x torr f t +8min. r 
Variable Power Supply Settings 
Substrate Heater Circuit: During Evaporation 59; Pinal for Pilm Anneal 68; Pinal for Reaction 28 
Radiant Heater Circuit: During Evaporation 0; Final for Film Anneal 54; Final for Reaction 28 
Table 33. Data on the Experimental Conditions f o r  Run 61 ( ~ e a c t i o n  2) 
Pilm Temperature Copper Block Temperature System Pressure Remarks 
T.C. Output T.C. Output Tern . 
( 4  (my> c o c P  
8 x lod8 t o r r  
2 x 10'~ t o r r  
2 x t o r r  










t = 0 min. 
e 
t = 1 min. 30 sec. 
e 
f t = 2 min. 10 sec. 
e 
f ta = 40 nin.  
0 
tr = 0 min. 
tr = 0+ min. 
tr = 5 min. 
t = 10 min. r 
tr = 15 min. 
tr = 20 min. 
t = 25 m i n .  r 
tr = 30 min. 
tr = 35 min. 
tr = 40 min. 
Table 33. Data on the  Experimental Conditions f o r  Run 61 ( ~ e a c t i o n  2) (continued) 
Film Temperature Copper Block Temperature System Pressure Remarks 
T.C. Output Tem . T.C. Output 




1 , 0 0 0 ~  co 
1 , 0 0 0 ~  co 
1 , o o o y  co 
1,000,4,4 co 
1 , o o o p  co 
1,000 /4 CO 
1,000,& co 
1 , o o o p  co 
1 , o o o p  co 
1 , o o o p  co 
5 x 10-7 t o r r  
tr = 50 min. 
t = 55 min. 
r 
tr = 60 min. 
tr = 70 min. 
tr = 80 rnin. 
tr = 90 min. 
t = 100 min. r 
t = 110 min. 
r 
t = 120 min. r 
tr = 130 min. 
t = 140 rnin. r 
J3 
tL = 150 min. ; Termination r W 
f -r 
t- + 10 min. -r 

M C O + . - r n F  
(V 7 ' N  CV r 




Table 36. Data on the Experimental Conditions for Run 62 (~eaction 5) 
Film Temperature Copper Block Temperature System Pressure Remarks 
T.C. Output T.C. Output 
(mv> (mv> 
- - - 
6 x 10" torr 
1 x 1 0 ' ~  torr 
Op co 
5 0 0 , ~  CO 
500 ,u CO 
5 0 0 p  CO 
5 0 0 ~  CO 
5 0 0 p  CO 
5 0 0 p  CO 
to = 0 min. e 
f 
te = 2 min. 5 sec. 
tr = 5 min. 
tr = 10 min. 
t = 15  min. r 
tr = 20 min. 
t = 25 min. r 
19.04 349 14.29 350 5 0 0 p  CO tr = 30 mine 
19.04 349 14.27 349 5 0 0 p  CO t = 35 min. r 
19.03 349 14.27 349 5 0 0 , ~  CO t = 40 m i n .  r 
19.08 350 14.29 350 5 0 0 p  CO t = 45 m i n .  r 
Table 36. Data on the Experimental Conditions for Run 62 (~eaction 5) (Continued) 
Film Temperature Copper Elock Temperature System Pressure 





5 0 0 y  CO 
2 x 10'~ torr 
8 x 10'~ torr 
t = 50 min. r 
t = 55 min. r 
f t = 60 min.; Termination 
r 
f t + 5 min. r 
f t + 10 min. r 
Variable Power Supply Settings 
Substrate Heater Circuit: kring Evaporation 58.5; Final for Film Anneal 68; Final for Reaction 28 
Radiant Heater Circuit: &ring Evaporation 0; Final for Film Anneal 54; Final for Reaction 47 
Table 37. Data on the Zxperimental Conditions for Run 51 (~eaction 6) 
Film Temperature Copper Block Teniperature System Pressure Remarks 
T.C. Output Temp. T.C. Output Temp. 
(mv> ("c> ( m v >  ( "c) 
2 x torr 
1 x torr 
9 x torr 
0 t = 0 min. e 
t = 1 mine 
e 
f t = 2 min. 30 sec. 
e 
0 
tr = 0 min. 
t = 0+ min. r 
tr = 1 min, 
t = 5 min, 
r 
t = 10 min. 
I' 
t = 15 m i n .  r 
tr = 20 m i n .  
tr = 25 min. 
t = 35 m i n .  r 
Table 37. Data on t h e  Zxperimental Conditions f o r  Rwz 51 (React ion 6 )  (cont inued)  
Fi lm Temperature Copper Block Temperature System Pressure  Remarks 
T.C. Output Temp. T.C. Output Temp. 
(mv> ("1 (mv) ( "e) 
9 9 p  co 
5 x t o r r  
t = 40 min. r 
tr = 45 min. 




= 60 min.; Termination 
C 
t' + 6 m i n .  r 
Var iab le  Power Supply S e t t i n g s  
S u b s t r a t e  Heater C i r c u i t :  During Evaporation 58.5; F i n a l  f o r  Film Anneal 68; F i n a l  f o r  React ion 35.5 
Radiant Heater  C i r c u i t :  During Evaporation 0 ;  F i n a l  f o r  Film Anneal 54 ;  F i n a l  f o r  React ion 45.5 
Table 38. h t a  on the Experimental Conditions for 3un 48 (~eaction 7) 
Film Temperature Copper Block Temperature System Pressure Remarks 
T.C. Output Temp. T.C. Output Temp. 
6 x torr 
1 x 10"' torr 
1.5 x torr 
I x torr 




6 ,q CO 
5 p co 
5 p co 
5 p co 
5 /I co 
0 
t = 0 min. e 
t = 30 sec. 
e 
tf = 2 min. 45 sec. e 
f 
t = 40 min. a 
0 
t = 0 min. r 
tr = 4 min. 
t = 15 min. r 
t = 20 min. r 
t = 25 min. r 
tr .= 30 min. 
t = 35 min. 
r 
tr = 40 min. 
t = 45 min. r 
Table 38. 3a t a  on t h e  Experinental  Condit ions f o r  3un 48 (Fieaction 7) (cont inued)  
F i k -  Temperature Copper Elock Temperature System Pressure  Iiemarks 
T.C. Output T.C. Output 
(mv> (nv) 
19.16 35 1 14.31 350 5 y CO tr = 50 min. 
19.13 35 1 14.26 349 5 ,p CO t = 55 min. r 
5 p co f  t = 60 m i n . ;  Terninat ion r 
5 x t o r r  f t + 3 min. r 
Variable  Power Supply S e t t i n g s  
S u b s t r a t e  Heater C i r c u i t :  During Evaporation 60; F i n a l  f o r  Film Anneal 68; F i n a l  f o r  Reaction -- 
Radiant i leater  C i r c u i t :  & r i n g  Evaporation 0; F i n a l  f o r  P ~ L T  h e a l  54; F i n a l  f o r  Reaction -- 
* 2 ;  d d d ' d d  " i  .f; .g .g .g ." ." 
a 
IA - 3 . 4  a CU 
M E + O r N m + m Q m r s -  
Table 39. Data on the Experimental Conditions for iiun 40 (lieaction 8) (continued) 
Film Temperature Copper i3lock Temperature System Pressure 
T.C. Output Temp. T.C. Output Temp. 
5 ,u co 
2 x torr 
t = 15 min. r 
t = 20 min. 
T 
t = 30 min. r 
t = 40 min. r 
t = 50 min. r 
tr = 60 min. 
tr = 70 min. 
tr = 80 min. 
t = 90 min, r 
t = 100 min. 
r 
tr = 110 min. 
f t = 120 min. ; Termination r 
f 
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Table 41. 3ata on the Ekperimental Conditions for Run 65 (~eaction 10) 
Film Temperature Copper Elock  Temperature System Pressure Remarks 
T.C. Output T.C. Output 
(mv) (mv) 
3 x torr 
4 x torr 
0 /&A co 
1,ooop co 
1 ,ooop  CO 





1,000 )A co 
I x 10 '~  torr 
0 
te = 0 min. 
te = 2 min. 
tf = 3 min. e 
f 
t = 30 min. a 
tr = 0+ min. 
t = 5 min. r 
tr = 10 min. 
tr = 25 min. 
tr = 30 min. 
t = 45 mine r 
tf = 60 min. ; Termination r 
f 
ta 
= 10 mine; t + 10 min. 
r 
Table 41. Data on the Experimental Conditions for Run 65 (~eaction 10)  (continued) 
Film Temperature Copper Block Temperature System Pressure Remarks 
T.C. Output T.C. Output 
(mv) (mv) 
24.76 453 18.60 45 2 1 x torr ta = 1 hr. 
24.74 452 18.56 45 1 1 x torr ta = 2 hr. 
24.68 45 1 18.51 450 1 x torr ta = 3 hr. 
24-44 447 18.42 448 1 x loe6 torr ta = 4 hr. 
24.87 455 18.75 45 6 1 x torr 
f 
t = 8 hr. 30 min. 
a 
Variable Power Supply Settings 
Substrate Heater Circuit: During Evaporation 60; Final for Film Anneal 68; Final for Reaction 53 
Radiant Heater Circuit: During Evaporation 0; Final for Film Anneal 54; Final for Reaction 57 
Table 42. 3ata on the Experimental Conditions for Run 64 (~eaction 11) 
Film Temperature Copper Block Temperature System Pressure Remarks 
T.C. Output Temp. T.C. Output Temp. 
(mv> ("c) (mv) ( "c> 
2 x torr 
0 
t = 0 min. 
e 
f t = 3 min. 
e 
0 
t = 0 min. 
r 
t = 5 min. r 
tr = 10 min. 
tr = 15 min. 
tr = 30 min. 
t = 45 m i n .  
I' 
tr = 1 hr. 
tr 
= 1 hr. 45 min. 
tr = 2 hr. 
Table 42. Data on t h e  Experimental  C o n d i t i o n s  f o r  R u n  64 (Fieaction 11)  ( c o n t i n u e d )  
Fi lm Temperature Copper Block Temperature System P r e s s u r e  Remarks 
T.C. Output  Temp. T.C. Output Temp. 
(mv> ( "c> (mv> ( "c> 
18.56 451 1 ,000 p CO t = 2 h r .  15 min. r 
18.51 450 1,000,tf  C O  tr = 3 hr. 
18.38 447 1,OOOp C O  t = 4 hr. r 
18.55 45 1 1,000 /L, CO tr = 5 hr. 
I 
18.44 448 1,OOO/cl CO 
f 
t = 6 hr. ;  Terminat ion r 
1 x t o r r  
f t r + 10 min. 
V a r i a b l e  Power Supply S e t t i n g s  
S u b s t r a t e  H e a t e r  C i r c u i t :  During Evapora t ion  58 ;  F i n a l  f o r  Fi ln :  Anneal 44; Final f o r  R e a c t i o n  54 
R a d i a n t  Hea te r  C i r c u i t :  During Evaporat ion 0; F i n a l  f o r  Film P m e a l  60; F i n a l  f o r  R e a c t i o n  56 
Table 43. Data on the Experimental Conditions for Run 55 (~eaction 12) 
Film Temperature Copper Slock Temperature System Pressure 
T.C. Output Temp. T.C. Output Te~p. 
(nv) ( "c> (mv > ("c> 
Remarks 
6 x torr 
0 
t = 0 m i n .  
e 
f 
t = 2 min. 15 sec. e 
f 
ta = 30 min. 
0 
tr = 0 rnin. 
t = 0+ min. r 
t = 1 min. r 
tr = 5 min. 
t = 10 min. r 
t = 15 min. r 
tr = 20 m i n .  
tr = 25 min. 
tr = 30 min. 
t = 35 min. r 
tr = 40 min. 

Table 44. Data on the Experimental Conditions for Run 57 (~eaction 13) 
Film Temperature Copper Block Temperature System Pressure 
T.C. Output Temp. T.C. Output Temp. 
Remarks 
13.70 25 3 18.42 448 9 x torr toe = o min. 
t = 1 min. 30 sec. 
e 
f 
t = 2 min. 15 sec. e 
tf = 1 hr.; Termination of a Mock Run 
Variable Power Supply Settings 
Substrate Heater Circuit: During Evaporation 59; Final for Film Anneal 45; Final for Reaction -- 
Radiant Heater Circuit: During Evaporation 0 ;  Final for Film Anneal 58; Final for Reaction -- 
Table 45. Data on the Experimental Conditions f o r  Run 66 ( ~ e a c t i o n  14) 
FilmTemperature CopperBlockTemperature SystemPressure Remarks 
T.C. Output T.C. Output 
( m v )  (nv) 
1 x t o r r  
3 x t o r r  
tu = 0 min. e  
t = 2 min. 30 sec. 
e  
f t = 3 min. 
e  
t = 15 min. a 
ta = 1 hr. 15min. 
ta 
= 2 hr. 10 min. 
f t = 6 hr .  55 min.; a Termination of Mock Run 
Variable Power Supply Se t t ings  
Subst ra te  Heater Circui t :  During Evaporation 59; F ina l  f o r  Film Anneal 45 ; Final f o r  Reaction -- 
RadiantHeater  Circui t :  IXlringEvaporation 0 ;  F i n a l f o r F i l m A n n e a l 6 0 . 5 ;  F i n a l f o r R e a c t i o n - -  
Table 46. 3ata on the Experimental Conditions for Run 54 (~eaction 15) 
Film Temperature Copper Block Temperature System Pressure 
T.C. Output T e m ~ .  T.C.  Output Tem~. 
Remarks 
2 x 10'~ torr 
t: = 3 min. 
f 
ta = 30 min. 
tr = 1 min. 
tr = 5 m i n .  
t = 10 min. 
r 
t = 20 min. r 
t = 25 min. r 
tr = 30 min. 
t = 35 min. r 
tr = 40 min. 
t = 50 min. r 
t = 55 rnin. r 

COOLING CURTjES FOR THE Sb'BSDATE ASSEMBLY 
In .  an. experiment simulating the  cooling o f  a f i lm specimen follow- 
0 ing reac t ion  a t  450 C, the  tenperat-xre data was recorded f o r  both su'b- 
s t r a t e  assembly thermocouples. This information has been graphed and i s  
presented i n  Figure 125. 

TlME REQUIRE9 TO SATURATE TFE IRON F'ILMS W I T H  CABBON 
The phys i ca l  system may 'be descr ibed  a s  folLows. Carbon monoxide i.s 
assumed t o  decompose uniformly over t h e  i r o n  f i l m  su r f ace  a t  a temperature 
T o  For a f i r s t .  approximation t h e  concen t r a t ion  of s u r f a c e  carbon, w i : L I  be  
assumed cons'+ar?t, Cs. The f i : h  th i ckness  k .used f o r  t h i s  a n a l y s i s  , w i d  
be  t aken  a s  1,000 i, The dimensi.or;.s o-f t h e  specimens i n  t h e  f i l m  p lane  
a r e  1 cm 'by. 0.5 cm, With t h e s e  d'mensions t h e  f i l m  w i l l  be t r e a t e d  a s  an 
ir;f i n i t e  s l a b  reducing t h e  problem ,to one-dimensional d i f  f"us ion.  The di.f - 
f u s i o n  co-ordi.nake x w i l l  have i t s  0 r ig i .n  a t  the su r f ace  and w i l l  run  
through t h e  f i l m  perpendicular  50 the su r f ace .  For t h i s  case  F i c k ' s  second 
law f o r  l ion-steady-state  di.ff 'usion i s  redkced t o  t h e  fol lowing forrnul.atio?.: 
where t = t ime and D = d i f f u s i v l t y  fox  carbon i n  i r o n .  For  cons t an t  Y! and 
t h e  carbon-alpha-iron system, it i s  a reasonable  approximati.on and cornmoniy 
accepted  p r a c t i c e  t o  assume D cons t an t .  The flux of  carbon a t  t h e  i n t e r -  
f a c e  o f  t h e  i r o n  f i l m  and N a C l  subs t r ake  will be  zero.  Thus, t h e  b o ~ r d a r y  
cond i t i ons  f o r  t h e  problem a r e o  
where L = the  f i lm thickness.  
A c.umber of so3utions t o  Fi.ckPs p a r t i a l  d i f f e r e n t i a l  equation a r e  
ava i l ab ie  i n  the  1:i.tera'L.ure. The yes-dlts t o  a s imi la r  problem t o  ,the o.::e 
2 
fo .mula ted  here a r e  a.v.ailable i n  -tabular form (168) where D ~ / L  i s  tabs la ted  
a g a i i s t  ( S  - i o ) / ( ~ s - ~ o ) .  Here L = the  hal f - th ickness  of a  s i a b  sus ta in i3g m 
d i f fus ion  from'both surfaces and C C and C! represent  t h e  concentrat ions 
s '  m 0 
~f  solu.te a t  the  surface ,  %he average concentrat:ion,and the  i n i t i . a l  s l ab  
concentra t io l ,  respect ively .  The concentrat ion r a t i o  has been termed t h e  
"Frac2.ional Saturat ioc."  The problem fo r  .the presect  investiga't:ion leads  
.to t h e  same res-ul t  i n  terms of t.he f r a c t i o n a l  sakurat ion i f  .the t o t a l  th ick-  
Less of t,he i r o n  f i l m  i s  used f o r  Lo This i s  t r u e  i n  view of the f a c t  t h a t  
a t  the c e n t e ~  of .the s i a b  f o r  which .the problem so lu t ion  has been given, t h e  
vaiue of - i s  zero j u s t  a s  i f  a  d i f fus ion  b a r r i e r  were placed the re .  ax 
!Therefore, t h e  s ~ : ~ u t i o n  t o  the  pa r t  Pal  d i f f e r e n t i a l  equation i s  symmetrical 
abo-ut the centes of t h e  s lab .  The so lu t ion  f o r  one-half t h e  s l ab  w i l l  ade- 
quate ly  descr ibe  the  so lu t ion  f o r  the  whole and vice versa. 
2  
~ t / 5  may be ca lcula ted  as  follows: 
- 2 
- Do -Q/RT where D = 0.0079 cm /see and g = 18,100 cal/g-mol 0 
(169) 
- 0.0079 e  -18 3 ~ O O / R T  cm21sec 
= 0.0079 e  ‘-99120/T cm2/sec 
0 0 
a t  t h e  lowest temperatfire s tudied,  250 C o r  523 K 
For L = film thickness = 1,000 = 1 x cm 
2 
Therefore, G ~ / L  >> 3 f o r  very shor t  r eac t ion  i n t e r v a l s  (t i n  seconds). 
The v a h e  th ree  corresponds t o  a f r a c t i o n a l  s a t m a t i o n  of 0,99950 
This means t h a t  whatever the  coricentration of  carbon produced at; 'the SUY- 
f a c e  happens t o  be,  the  average concentrat ion of' .the f o i l  wi.1: approach 
%his  value very quickly, i , e . ,  t much l e s s  than 1 second. For s t i l l  higher 
temperatures i.n t h e  alpha-iron region,  t h e  end r e s u l t  would be s imi la r  
s ince  D increases  with increas ing temperature. I,t would seem reasona'ble 
t o  assume then  t h a t  the  surface concentrat ion and t h e  average f o i l  concen- 
t.rat.ion. of carbon w i l l  increase with reac t ion  u n t i l  t h e  i ron  i s  supersa tur-  
ated.  The r a t e  a t  which t h e  f i i m  i s  sa tu ra ted  should then be dependent on 
t h e  CO decomposition r a t e ,  
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